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Saturated liquid and vapor densities of He? have been measured by a direct method in the temperature 
range of 1.3°K to 3.2°K. The experimental data are represented by an empirical equation to probable errors 
of 0.1 percent for the liquid phase and of 1.3 percent for the vapor phase. 





I. INTRODUCTION 


HE only previous measurements of the orthobaricf 
densities of He* are those of Grilly, Hammel, and 
Sydoriak.! They measured directly the difference be- 
tween the liquid and vapor densities and then derived 
the component densities by distributing one-half of 
each measured density difference above and below a 
derived rectilinear diameter. This mean density line 
was obtained by drawing a straight line between a low 
temperature point, at which the vapor density was 
assumed to be ideal, and a critical density point which 
was located at the same fractional distance between the 
calculated Dieterici and van der Waals densities as was 
the corresponding value for He‘. Their reported un- 
certainties in terms of liquid density range from 2 per- 
cent at 1.27°K to 5 percent at 2.79°K. 

The purpose of the present investigation was to 
measure the liquid and vapor densities directly and 
independently and in such a way that the above un- 
certainties in the densities could be reduced by a factor 
of at least ten. 


II, APPARATUS AND MATERIALS 


The section of the apparatus external to the cryostat 
was the same as that used for an earlier investigation 
on deuterium and tritium.’ It contained a calibrated 
constant volume gas pipette of approximately 50-cm’ 
capacity for measuring the gas at reom temperature, 


* This paper is based on work performed under University of 
California contract with the U. S. Atomic Energy Commission. 

t Orthobaric density: the density of a liquid when in equi- 
librium with its own vapor, or of a vapor in equilibrium with its 
own cae a, ata ified temperature. 

1 Grilly, Hammel, and Sydoriak, Phys. Rev. 75, 1103 (1949). 

* Eugene C. Kerr, J. Am. Chem. Soc. 74, 824 (1952). 


a small Toeppler pump for controlling the transfer of gas 
to the low-temperature part of the system, and the 
necessary manometers to determine gas pressures in 
the various parts of the system. 

The gas measuring system was connected to the 
pycnometer by means of a Monel metal capillary tube, 
0.013 inch i.d. This capillary was also connected to a 
Wallace and Tiernan differential pressure gauge used 
to read the pressure in the He® system. This gauge was 
used as a null instrument by adjusting the case pressure 
until the indicating needle was brought to the same 
scale reading as was used when the gauge volume was 
calibrated. The case pressure of the gauge was then 
observed on a mercury manometer. 

In order to avoid serious fluctuations in the amount 
of gas contained in the capillary tube where it passed 
through severe temperature gradients, it was vacuum 
jacketed from a point one inch above the lid of the 
helium bath Dewar to a point just above the density 
bulb. In addition, 30 cm of the 33 cm jacketed length 
was plated rather heavily with copper to insure nearly 
uniform temperature throughout this length. With one 
end of this section immersed in liquid nitrogen, which 
completely covered the helium bath Dewar, and the 
other end in the helium bath, it was estimated that 
the temperature gradient in the plated section was 
0.1°K/cm, whereas in the 3-cm unplated portion the 
gradient was 24°K/cm. This arrangement minimized 
variations in the amount of gas in the dead space from 
run to run. The additional conductivity of the copper 
plating vaporized about 4 cm’ of bath helium per hour. 

The Pyrex glass bulbs for liquid or vapor densities 
were attached to the Monel metal capillary by means 
of a small Kovar metal to Pyrex glass joint. A butt- 
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joint and sleeve arrangement was used between the 
Monel capillary and the Kovar metal tube so that the 
separate sections could be calibrated independently and 
then assembled without change in volume at the joint. 
The bulb used for liquid density measurements had a 
neck drawn down to a fine capillary (3.93 10~ cm*/ 
mm) on which a calibration line was etched and filled. 
It was calibrated to this mark and also between the 
mark and the tip of the Kovar tubing by weighing it 
empty and when filled with mercury. The volume ob- 
tained was corrected to He bath temperatures by use 
of the extrapolated expansion data of Buffington and 
Latimer.’ It was further checked in place by filling it 
with He‘ at 4.0°K using the same techniques as for the 
He’ density measurements. The volume obtained with 
Het* was 0.07 percent higher than that obtained by the 
mercury weighing with expansion correction. Using 
0.1298 g/cm* for the density of He* at 3.955°K, the 
average of six measurements gave 0.11148+-0.00006 cm* 
for the volume of this bulb. 

A larger bulb (0.7465+-0.0003 cm*) was used for the 
vapor density measurements in order to minimize the 
ratio of dead space volume to bulb volume for these 
smaller densities. 

The helium bath temperature was controlled by an 
electrical heater balanced against the pumping rate on 
the bath by means of the signal generated in a carbon 
resistance thermometer in one arm of a bridge circuit. 
This bath control system has been described by 
Sommers.‘ The temperatures are observed, in terms of 
the vapor pressure of the bath helium, on mercury or on 
butyl sebacate manometers. 

Liquid density measurements were made by trans- 
ferring known amounts of gas, measured in the cali- 
brated pipette, to the small density bulb until the 
liquid meniscus was brought close to the etched mark 
aan 
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*R. M. Buffington and W. M. Latimer, J. Am. Chem. Soc. 48, 
2305 (1926). 
*H. S. Sommers, Jr., Rev. Sci. Instr. 25, 793 (1954). 
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on the neck of the bulb. The distance between the 
meniscus and the mark was measured with a small 
cathetometer. If several measurements were to be made 
in the same series, the temperature was then lowered, 
an additional small amount of gas was added to bring 
the meniscus back to the vicinity of the mark, and the 
measurement was repeated. With each measurement, 
the bath pressure and the He’ pressure were recorded. 
After completion of all of the liquid density measure- 
ments, the apparatus was disassembled and the density 
bulb was sealed off at the etched calibration mark. 
After reassembly, the amount of gas required to fill 
the dead space with dew point pressure gas was meas- 
ured as a function of bath temperature. 

Vapor densities were obtained from the measurement 
of isotherms of the number of moles of He’ required to 
fill the density bulb (plus dead space) as a function of 
the He’ pressure. Extrapolation of each isotherm to the 
saturation pressure gave the number of moles of gas 
required to fill the system at saturation. Five to six 
points were obtained on each isotherm, most of them 
being at pressures above 0.75 of the saturation pressure, 
so that extrapolation could be made unambiguously. 
Calibration of the dead space was made subsequently 
in the same manner as was used for the liquid density 
dead space measurements. 

The purity of the He*® used was determined by 
analysis with a Consolidated Nier type isotope ratio 
mass spectrometer. The only detectable impurities 
were 0.28 percent He‘ and 0.02 percent nitrogen. The 
atomic weight of He*® was taken as 3.0162 on the 
chemical scale.® 

All observed manometer readings, except those of the 
helium bath, were corrected to mm of Hg at 0°C and © 
standard acceleration of gravity. The helium bath 
manometer readings were corrected to 20°C in order 
to coincide with the “agreed” temperature scale for He* 
vapor pressures. Temperatures so obtained were cor- 
rected to the Kistemaker temperature scale 7x’ by use 
of the smoothed data given by Abraham, Osborne, and 
Weinstock.® 

The saturation pressures of He’ used for dead space. 
corrections and for extrapolation of the vapor density 
isotherms were obtained from the helium bath tem- 
perature and the data on He® vapor pressures given by 
Abraham, Osborne, and Weinstock.’ Observed vapor 
pressures read from the null Wallace and Tiernan 
gauge and backing manometer agreed with the calcu- 
lated pressures to within 0.5 mm on the average. 


Ill, EXPERIMENTAL RESULTS 


The results of fifteen measurements of the density of 
saturated liquid He* in the temperature range 1.30°K 


6 J. Mattauch and A. Flammerfeld, “Isotopic Report,” Z. Na- 
turforsch. (1949). 

*H. van Dijk and D. Shoenberg, Nature 164, 151 (1949). 

7J. Kistemaker, Physica 12, 272, 281 (1946). 

* Abraham, Osborne, and Weinstock, Phys. Rev. 80, 366 (1950). 





ORTHOBARIC DENSITIES OF He’, 


TABLE I. He*: Orthobaric liquid densities. 








Density (obs) Density (calc) Deviation 
g/cm? g/cm? (%) 





0.00 
+0.02 


0.08121 
0.08053 
0.07971 
0.07931 
0.07803 
0.07792 
0.07472 
0.07456 
0.07054 
0.67035 


0.08121 
0.08051 
0.07964 
0.07935 
0.07803 
0.07792 
0.07470 
0.07444 
0.07072 
0.07040 
0.06971 
0.06434 
0.06423 
0.06067 
0.05681 





to 3.22°K are given in Table I. Here, the first column 
is the temperature in degrees Kelvin on the Kistemaker 
scale, the second is the liquid density in g/cm’, the 
third is the liquid density calculated from Eq. (4) 
below, and the fourth is the deviation in percent be- 
tween the observed and calculated values. 

The results of twelve measurements of the orthobaric 
vapor density are given in Table II in which the 
columns have the same significance as in Table I. 

Several attempts were made to fit the data into 
equations related to modified van der Waals equations 
such as those given by Haggenmacher,’ in which the 
molar volume is expressed as a function of (7/P) and 
of the critical constants. Within any reasonable assign- 
ment of the critical constants, these equations did not 
give results consistent with the precision of the experi- 
mental data. Consequently, a completely empirical 
method, based on the symmetry properties of the 
density vs temperature curves, was adopted. 

The density of either of the co-existing phases can be 
represented by the identity 


p=43(pr+pr)+}(pr—p). (1) 


In this case, the first term on the right, which repre- 
sents the mean density or rectilinear diameter, can be 
expressed with sufficient precision : 


Pm=0.0411734+-4.14XK 10-7. (2) 


The remaining portion of Eq. (1) can best be repre- 
sented by 
4(pp—pv) = (AP +¥T")!. (3) 


The variable Y was fitted to several simple polynomial 
expansions in 7, the best of which was a linear form. 
Thus the vapor and liquid densities can be repre- 
sented by: 


p=Aot BT + (Ae?+CT?*+DT")}, (4) 


John E. Haggenmacher, J. Am. Chem. Soc. 68, 1123-26 
(1946). 
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where Ao= 0.041173, B=4.14X 10~°, C= —3.3015X10~, 
and D= —4.1876X i0-. 

Densities obtained from Eq. (4) are shown in Tables I 
and II as peatc. The deviations between the observed 
and calculated densities give for the probable error of a 
single measurement : 0.00006 g/cm* or 0.09 percent for 
the liquid phase measurements and 0.00016 g/cm® or 
1.13 percent for the vapor phase measurements. 

The liquid density point at 3.223°K was not included 
in the equation fitting since preliminary least squares 
solutions showed that the deviation of this point was 
more than five times the probable error. However, an 
examination of Fig. 1 will show that, had only the liquid 
density data been considered, the best curve could well 
have come much closer to the plotted points at 3,135°K 
and 3.223°K. Such a fit would also have had an apex 
nearer the accepted critical temperature of 33.35 
+0.02°K than that given by Eq. (4) of 3.416°K. 

Extrapolation by means of Eq. (4) gives the liquid 
density at 0°K as 0.08235 g/cm’ which is almost equal 
to twice the critical density of 0.04131 g/cm*. This is 
the only case, within the author’s knowledge where 
such a relationship occurs. 

Liquid and vapor densities according to this equation 
are shown by the solid curve in Fig. 1 on which are 
superimposed the observed densities and the densities 
as given by Grilly, Hammel, and Sydoriak.' Included 
as triangles along the vapor density curve are five points 
obtained by the use of the small liquid density bulb. 
Because of the relatively greater uncertainty in the 
dead space corrections for these measurements, as com- 
pared to those obtained with the larger bulb, these 
points were not included in Table II nor in the least 
squares summations. 

The dashed curves in the figure represent the vapor 
densities as calculated from the perfect gas law and 
those calculated from the pressure expansion form of 
the virial equation of state in closed form involving 
only the second virial coefficient. Densities derived from 
the virial equation in the inverse volume expansion, 
actually give a much better fit with respect to the 
experimental data below 2.6°K than do those obtained 
from the pressure expansion. However, in the closed 


TABLE IT. He’: Orthobaric vapor densities. 











Deviation 


Density (calc) 
g/cm! (%) 


Density (obs) 
g/cm* 





0.00146 
0.00269 
0.00713 
0.01059 
0.01315 
0.01529 
0.01756 
0.01774 
0.02030 
0.02293 
0.02297 
0.02727 


0.00152 
0.00268 
0.00706 
0.01051 
0.01317 
0.01550 
0.01776 
0.01783 
0.02058 
0.02247 
0.02257 
0.02752 


+3.94 
— 0.37 
—0.99 
—0.76 
+0.15 
+1.35 
+1.13 
+0.50 
+1.36 
— 2.04 
—1.77 
+0,91 
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form used, the inverse volume form gives imaginary 
densities above about 2.8°K. This indicates that, when 
the data are available, the vapor densities will most 
probably be best represented by the inverse volume 
virial equation with at least the third virial coefficient 
included. 

The values used for the second virial coefficient in 
the calculations were obtained from the calculations of 
Kilpatrick, Keller, Hammel, and Metropolis.” 

Since Eq. (4) is somewhat cumbersome to use, the 
densities have been evaluated at even temperatures 
(Kistemaker scale) and are given in Table III. If esti- 


TaBLe III. Calculated liquid and vapor densities 
at even temperatures. 








AH vap 
cal/mole 


9.10 
9.76 
10.32 
10.71 
11.02 
11.15 
11.05 
10.71 
10.11 
9.19 
7.88 
7.01 
5.91 
3.36 


bo | 
a 


Liquid density Vapor density 
g/cm' / 


g/cm! 





0.00058 
0.00098 
0.00154 


0.08185 


Goo God God Gd DRS RD RD BD eat ee ee 
wre ORDARNORDOARNO! A 





* Kilpatrick, Keller, Hammel, and Metropolis, Phys. Rev. 94, 
1103 (1954). 
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mated contributions of possible systematic errors are 
combined with the precision indices given above, the 
results in this table should be reliable to about 0.3 
percent for the liquid phase up to 3.1°K and to about 
2 percent for the vapor phase between 1.6°K and 
3.1°K. At low vapor densities, it appears that the 
nature of Eq. (4) and the method of evaluation of its 
constants tend to give values which are too high and 
that vapor densities calculated from the second virial 
coefficients (in 1/v form) will give more reliable values 
below about 1.6°K. The present experimental method 
does not have enough inherent accuracy at low densities 
to decide this point. 

The last column of Table III gives the heat of 
vaporization in calories per mole as calculated from the 
thermodynamic relation 


A vap=T (Veus—V iq) P/€T. (5) 


The mola] volume of the gas was obtained from the 
gas densities given in the third column of the table at 
temperatures of 2.0°K and above. Below 1.2°K molar 
volumes given by the density virial equation were 
used. In the intervening region, a graphical interpola- 
tion between the densities given by Eq. (4) and those 
given by the density virial equation was used. Since 
the two curves agree to within 0.00030 g/cm’ over most 
of this region, little uncertainty is introduced by this 
method. Values of dP/dT were obtained from the 
vapor pressure data of Abraham, Osborne, and Wein- 
stock.® 
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Entropy of Radiation* 


Puiuip Rosent 
Applied Physics Laboratory, The Johns Hopkins University, Silver Spring, Maryland 
(Received May 20, 1954) 


An expression for the entropy flux of linearly polarized electromagnetic radiation of any specific intensity, 
K,, is obtained. The latter expression is then generalized to include radiation of any type of polarization, 


F one has linearly polarized light passing through a 
surface element, do, the total radiation energy 
passing through in time, d?, can be written as! 


dodt f K, cos6dQdv= Jdedt. 


K, is the specific radiation intensity of frequency v 
which passes through the surface in the solid angle dQ; 
6 is the angle between the direction of propagation and 
the normal to surface, and J is the net flux. In a similar 
manner Planck' has defined the specific entropy 
intensity, L,, by 


dodt f L, cosédQdv= Hdedt, 


where H is the net entropy flux. 

Our problem is to find a relationship for Z, in terms 
of K,. Planck has derived a functional relation, L, 
=v {(K,/”). However, no explicit expression was given 
for {(K,/). If one knows the exact dependence on K,, 
the flux of entropy through a surface may be computed 
for any radiation field. 

Let us consider a surface element, do, through which 
pass linearly polarized photons of momenta p,, py, p: 
and which lie in the momentum volume element 
dpAp,dp,. If the direction of propagation makes an 
angle @ with the surface normal, all photons with the 
above momenta which lie in the space volume element 
dV =dac cos6di will pass through in time dt. If N(r,p) 
is the average number of photons with position r and 
momentum p in a phase space element of volume /’, 
then Ndp.dp,dpdV/h’ is the number of photons in the 
phase space volume under consideration. Thus the 
entropy of these photons (bosons)? is 


dS = —bLN InN—(N-+1) In(V+1) dp.dp,dp.dV /it. 


Ps Supported by the Bureau of Ordnance, Department of the 
Navy. 

t Now at University of Connecticut, Storrs, Connecticut. 

'M. Planck, The Theory of Heat (MacMillan Company, New 
York, 1949). 

2J. Slater, Introduction to Chemical Physics (McGraw-Hill 
Book Company, Inc., New York, 1939). 


Consequently the entropy flux for linear polarized light 
of any momentum distribution is 


dpdp Ap, 
H=—k f (N InN—(N-+1) In(V+1)]c const tee 


It can be easily seen by computing the energy flux that 
N=CK,/hy. 


In terms of K, we have 
k CK, CK, 
rat ffem(C 
3 hv hv 


hY+ceK, hY+eK, 
- n( )}- cosédQdy, 
hy hv 





For a general type of polarization we have two inde- 
pendent states of polarization with specific intensities 
in the principal directions (directions of maximum and 
minimum intensities) K, and K,’. For such a case we 
take the sum of the separate entropy fluxes for each 
polarization state to obtain the total entropy flux. The 
intensities in the principal directions of polarization 
must be used if the entropy flux is to be invariant to a 
rotation about the direction of propagation. 

Note that information about the phase difference 
between two polarization states and information on the 
directions of the principal axes does not enter into the 
expression for the entropy. The photon field is described 
only by the occupation numbers in the momentum 
states and the two polarization states. The phase 
difference and the polarization directions have no 
thermodynamic significance, but lie in the domain of 
information theory. Both the phase difference and 
direction of the polarization can theoretically be meas- 
ured with infinite precision since no uncertainty 
principle exists for these. The limits on a measurement 
of these quantities are solely determined by experi- 
mental apparatus, and thus these quantities would not 
affect the thermodynamic entropy. 
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Vacuum Fluctuation Noise and Dissipation* 


J. Weser 
Glenn L. Martin College of Engineering and Aeronautical Sciences, University of Maryland, College Park, Maryland 
(Received June 14, 1954) 


An electron beam interacting with the fields in an enclosed region is considered. The induced noise caused 
by the vacuum fluctuations and the thermal fluctuations is calculated in terms of the dissipation function 
R(w) and the electron transit time r. The observable mean squared electromotive force is given by 


irene satan eT Lasts ET 


max is defined by hwomsax= U, where U is the energy of the incident electrons. The effect of the fluctuations 
of the vacuum is given by the temperature-independent part of the first integral. 

The above expression is employed tocalculate the fluctuations induced in an electron beam which interacts 
with a damped electrical oscillator. The results are valid even if the oscillator is heavily damped. As the 
damping becomes very large the fluctuations are shown to approach zero. For a weakly damped oscillator 
the fluctuations reduce to those already given in an earlier paper. 

The differential form of the fluctuation dissipation theorem is shown to be very useful for the evaluation 





of matrix elements. 





INTRODUCTION 


PREVIOUS paper' considered the iriteraction of 

an electron beam with a damped electrical 
oscillator. The fluctuations of the vacuum were shown 
to contribute to the electron-beam noise. This ob- 
servable zero point noise contribution is important 
because it is one effect of field quantization which is 
finite in the first nonvanishing approximation. 

In order to calculate the noise, the assumption had 
to be made that the oscillator is very weakly damped. 
The dissipation was assumed to have no effect on the 
wave functions for the fields. The coupling to the 
internal degrees of freedom was considered to have only 
the effect of establishing thermal equilibrium, between 
individual electron interactions. Also the electron was 
assumed to be highly localized. In this paper we 
consider interaction of a system which may be heavily 
damped with an electron which is not necessarily highly 
localized. The fluctuations are shown to depend on the 
degree of damping, unless the damping is very small. 
For large damping the fluctuations approach zero. 


FLUCTUATIONS MEASURED BY AN ELECTRON BEAM 
INTERACTING WITH FIELDS IN AN 
ENCLOSED REGION 


For the Hamiltonian of the system of Fig. 1 we take 


FP? eé 
X= H,)t+——-—A-P. (1) 
2m mc 


(1) is the Hamiltonian of the system, with one 
electron in the interaction gap. Ho is the Hamiltonian 
for the fields of the enclosed region, P is the operator 
corresponding to the momentum of an electron in the 
beam, m is the mass of the electron, c is the velocity 
of light, e is the charge on the electron, and A is the 
magnetic vector potential for the interaction gap. We 


* Supported by the U. S. Office of Naval Research. 
1 J. Weber, Phys. Rev. 94, 214 (1954). 


assume, at first, that the region is in an eigenstate of 
its unperturbed Hamiltonian Ho. The electron is to 
some extent localized and its energy is not known 
precisely while it is in the interaction gap. A linear 
combination of free-electron wave functions will there- 
fore be used to represent the electron during the entire 
interaction time. For the wave functions of the electron 
and interaction region we assume the expression. 


V= ¥ ax()bu(Ovxeu exp( —“(Ex-+Ew')). (2) 
K.M h 


In (2) wx is an unperturbed wave function for the 
fields of the enclosed region. Ex is the Ath eigenvalue 
of Ho and Ey’ has the corresponding meaning for the 
electron. ¢w is given® by 


eu = (1/s/1) exp(27iMx/l). (3) 


(3) is the wave function for a free particle moving in 
the X direction with momentum given by 


Py=2nMh/1. (4) 


M isan integer. The wave function (3) satisfies periodic 
boundary conditions with period equal to the length / 
of the interaction gap, and is normalized within the 
region of the gap. At the beginning of the interaction 
time, we have: avy=1, ax=0, KAN. At this time (2) 
is a summation only over M. At any time after inter- 
action has begun, we have, from perturbation theory, 


d 
—L[ax(H)b()] 
dt 





e i(Ex+Ez'— En— Ey’) 
=—(ih) > bu exp| — 
mc M h 


xf vatex*(A-Pewadradry (5) 
0 


moss Schiff, Quantum Mechanics (McGraw-Hill Book Com- 
pany, Inc., New York, 1949), p. 49. 
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VACUUM FLUCTUATION NOISE 


We let A= Aoq(/), and assume that the fields have no 
spacia! variation over the interaction gap. Ao is then a 
constant. Making use of (3) and the operator for P we 
can carry out one integration required by (5) to obtain 


2miLx d 
f ei*(Ao- Prewis=—" exp( — ) =a 
l dx 
2riMx 
xexn( ae AesPubsa (6) 


We assume the interaction gap to be so oriented that 
Ao is parallel to P. Making use of (6), we can write (5) 
in the form 


d 
“Sax (t)bx(t)]=——(ih)\Ex|q| En)b,(0)| Aol Pr 
dt mec 
i(Ex-E ey )t 
xexp(“ ~_ ). (7) 


Let wevn=(Ex—Ey)/h. We assume that the mo- 
mentum of the electron while in the interaction gap is 
approximately known to be Pz. The value of L corre- 
sponding to Px can be obtained from (4) and is given 
by L=/P,/2rh. b, for this value of L will be large 
and can therefore be considered to remain approxi- 
mately constant during a not too long interaction time. 
Under these conditions we can integrate (7) to obtain 


ax(t)b,(t) 
_ eth) XE | q| Ew)bi(t) | Ao! Prlexp(iwxnt)— 1] 


imcwK N 


(8) 





From (8) we can obtain an expression for |ax(t)|? 
and from this we can calculate the induced noise, since 
energy is conserved in these transitions. |ax(t)|? is 
given by 

4e*| Ao|*Px?|(E «|q|Ew)|? sin*(Joxw!) 


men WK nw? 





|ax(t)|?= 


In (9) (Ex|q| Ew) is the matrix element of q over 
the quantum states of the fields with eigenvalues Ex 
and Ey. We now proceed to calculate the matrix 
elements of g. 

We assume that the magnetic vector potential and 
the scalar potential are not functions of the x coordinate, 
within the interaction gap, and that the electric field 
intensity is therefore uniform over the interaction gap. 
We express the electric field intensity in the interaction 
region in terms of g and a canonically conjugate 
variable p following the procedure outlined by Schiff.’ 
Using Maxwell’s equations, we obtain for the electric 


+L. I. Schiff, Quantum Mechanics (McGraw-Hill Book Com- 
pany, Inc., New York, 1949), p. 362. 


AND DISSIPATION 


field intensity : 
10A 
E=—-—=-- hig _- “Aep 
c él c 


(10) 


The electromotive force V is given by /.E-dl, where 
the contour is over the interaction gap. For a uniform 
field over an interaction region of length /, we have 


V =El=—(1/c)Aofpl. (11) 


Consider the matrix elements of the operator p. We 
can write 


dqxn [Hoq— qHol|«n 


PKN =o SS CoCo 


dt th 
_(Ex- Ey) 


——~{Ex|q| En). (12) 
ih 


We substitute (12) in (11) to obtain 
(Ex| V | En)= (i/c)A wxn(Ex|q|En)l. 


Let the total time of interaction be 7. Now 7 is 
approximately given by r=ml/Px. Evaluating (9) at 
time ‘= 7, and making use of (13), we obtain 


eb }wKNnT) s 


(13) 


(14) 
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hPwrn’? 


hweNT 

If an electron undergoes a transition such that the 
region goes to a state Ex, we say the measured electro- 
motive force is Vx, where eV x= hwxy. If no transition 
occurs, the electromotive force is taken to be zero. 
The mean squared electromotive force measured by a 
large number M electrons as a result of transitions to 
the state K is 


[M|ax(7)|*]| Vx]? 


(Vclw=— _ lax (7) |? on? 


M 


(15) 


Making use of (14), we can write (15) as 


— (16) 


WKNT 


(Vel )u= |(Ex| a | 
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Fic. 1. Electron beam interacting with the fields of an enclosure. 
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The region with which the electrons interact is only 
partially specified, but its temperature will be known. 
Also, since dissipation is present wxwy will have a 
continuous range of values. In order to obtain the total 
noise contribution (16) has to be summed over all states 
K and an ensemble average taken. This procedure can 
be carried out, using the methods of Callen and Welton,‘ 
in the following way. Frora the rules for matrix multipli- 


cation 
(Ey| V?| Ev)=Dx|(Ex|V|Ew)|?. (17) 


We can average both sides of (17) over an ensemble, 
at temperature 7’. We denote by [(Ew| V?| Ew) Jay, duxw 
the ensemble average of the contribution of the group 
of matrix elements (Ey| V| Ex) in the vicinity of +wxw 
within a range dwxw to the ensemble average of the 
operator corresponding to V?. 

A study of Callen and Welton’s paper‘ shows that we 
can write the fluctuation dissipation theorem in differ- 
ential form as 


((En| V?| Ew) Jav, doxw=L D> |(Ew| V|Ex)|* Jw 
dakn 


_ Roxw)hoxnf 1 i 
es ar ar weer 
exp(— hwxw/kT) 
1—exp(—hwxw/kT) 








Jace. (18) 


In (18), the first term of the expression within the 
brackets represents the contribution of matrix elements 
(En|V|Ewn+/w) and the second term represents the 
contribution of matrix elements (Ey|V|Ew—/hw). 
R(wxwy) is the real part of the impedance function, 
which would be seen between the points at which 
electrons enter and leave the enclosure. We can make 
use of (16) and (18) to write an expression for the mean 
squared electromotive force measured by the electron 
beam. If the energy of all of the electrons before 
interaction is almost the same and equal to U= humax, 
then the mean squared electromotive force measured 
by the electron beam is 


1 max R(w)hw i wr) 7 
(Vm f (w) |= "Ve 
ry 5 1—exp(—hw/kT) 
1 7°f R(w)hw exp(—hw/kT) jf sin(4wr) 
+f] | 
r/o 1—exp(— hw/kT) 
Equation (19) is a very general expressionf for the 


induced noise on an electron beam which interacts with 
the fields of an enclosure at temperature 7, in terms of 





dwr 





2 
|. (19) 


}wr 


‘H. B. Callen and T. A. Welton, Phys. Rev. 83, 35 (1951). 

t The mean square deviation of the electron velocities after 
interaction can be obtained by multiplying expressions (19) and 
(20) by (e/P)*, where e and P are the charge and momentum of 
the electrons, respectively. 
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the dissipation function R(w), and the electron transit 
time r. 

In (19) the first term represents the effect of transi- 
tions in which the electrons give up energy to the fields 
and the second term represents the effect of transitions 
in which the electrons gain energy. We can write Eq. 
(19) in the form 


(Vm 


2 pemez hw hw i 7)? 
-“f Rio + ee | ‘. 
1 9 2 exp(hw/kT)—1 dwt 


ip? R(w)he in (}wr) 
ite 1h 


In (20) the term, 


[aff T 


represents the observable effect of the fluctuations of 
the vacuum fields.® 

For the damped oscillator of Fig. 2, R(w) can be 
expressed in terms of the conductance G, the capacity 


C, and the inductance L as 
wL’G 
R(w)= 


(1—w*LC)*+ (wLG)? 
Employing (21) in (20), we obtain 


(v) --{~| 
dy Ll —wXLC)*+ (WLC)? 
hw hw sin(}wr) 
a |” 
2 exp(hw/kT)—1 dwr 
1 7” w LG 
isa 
TY wmaxt (1—w*®LC)?+ (wl)? 


x| hw [Py (22) 
exp(hw/kT)—1JL dur 


If G is very small then the integrand will be large 
only in the vicinity of w=wo, where wo is the natural 
frequency of the oscillator, given by wo°LC=1. For 
Wmax >>wo, (22) is approximately equal to 


(v2) |" - hor [Pe] 
wh 2 exp(Ren/kT)—1IL deer 
“ *1°Gdeo 
x f 2 
» (1a LC)?+ (wh)? 


1 hu hur sin (}wor7) 2 
Pid bse | |. (23) 
exp(hio/kT)—14L wor 








| (20) 


kwr 


(21) 




















Cl 2 
5 J. Weber, Phys. Rev. 90, 977 (1953). 





VACUUM FLUCTUATION NOISE 


Equation (23) is the expression for the mean squared 
electromotive force measured by an electron beam 
interacting with a weakly damped oscillator, and agrees 
with expression (16) of the earlier! paper. To discuss 
the case where the oscillator is very heavily damped we 
employ (21) in (19) and obtain 





(= i] whe 
dy L(1—wLC)*+ (WG) 


skews = leech 


ef | wL’Ghw 
(1—w*®LC)*+ (wlG)? 


ll exp(—hw/kT) F 
* 1—exp(— hw/kT) ‘a 








(24) 





wr 


The first term of (24) tends to zero as G— because 
the range of integration is finite and the integrand 
tends to zero. The second term of (24) can be shown 
to also tend to zero, in the following way: 


1 oe 
wd L(1—w®LC)?+ (wLG)? 


sin(4wr)]f exp(—hw/kT) 
FF Il i 
. dur 1—exp(— hw/kT) 
{| wL’Ghw 
m4 L(1—wLC)?+ wl)? 


x{" "| 1 Jie 
dwr exp(hw/kT)—1 


wLGhw 
+f 
I ob (1—w*®LC)*+ (wl)? 


sin(}wr) 7? 1 
x| |i (25) 
dwr exp(hw/kT)—1 


As G—> the first term on the right side of (25) tends 
to zero because the range of integration is finite and 
the integrand approaches zero. Consider the second 
term of (25). In the range wi<w< %, [sin(4wr)/}wr P 
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Fic. 2. Electron beam interacting with an oscillator which may 
be heavily damped. 


<1; we can choose two numbers a and 6 such that 
(1—w*LC)?+ (wLG)*>a(wLG)’, (26) 
exp(hw/kT) —1>b exp(hw/kT). (27) 
Using the inequalities (26) and (27), we can write 
1° w'VGhw sin(4wr) ?? 
3 | (1—wLC)-+ i F ed 





hut 


wkT 


1 
dasa eo (9 
exp(hw/kT)—1 3rabG 


itt (28 
“at 


Equation (28) tends to zero as G becomes large. 
We therefore conclude that the observed electron beam 
noise caused by both the thermal fluctuations and the 
vacuum fluctuations tends to zero as the damping 
becomes very large. 

CONCLUSION 

We have studied the interaction of an electron beam 
with the fields in an enclosed region. It is believed that 
this model is a good representation for low-temperature 
noise measurement experiments in which the random 
changes in velocity of the electrons are measured after 
interaction. The first term of (20) represents the effect 
of the vacuum fluctuations. For a weakly damped 
oscillator this is given by the term (1/C)(hwo/2) 
X[sin(}wor)/fwor ? of expression (23). This term 
represents an observable effect of field quantization 
which is finite in a first-order theory. 
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Statistics of Electromagnetic Radiation Scattered by a Turbulent Medium* 


Ricwarp A. SILVERMAN AND MARTIN BALSER 
Lincoln Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 
(Received March 18, 1954) 


The theory of Villars and Weisskopf is used to calculate the univariate and bivariate amplitude distribu- 
tions of electromagnetic radiation scattered from turbulent fluctuations. The univariate distribution is 
Rayleigh, and is in excellent agreement with measurements made on a 49.6-Mc/sec ionospheric scatter link. 
Using the bivariate distribution, we relate the amplitude correlation function to a velocity correlation func- 
tion which appears in the von Weizsacker-Heisenberg statistical theory of turbulence. In this way the 
theoretical velocity correlation can be compared with experiment. 





I. INTRODUCTION 


R some time both vhf ionospheric propagation and 

anomalous beyond-the-horizon propagation of uhf 
and microwaves have been attributed to scattering by 
refractive index fluctuations associated with turbu- 
lence.'* A detailed model of the origin of these fluctua- 
tions has only recently been made available in the work 
of Villars and Weisskopf.* These authors have applied to 
the electromagnetic problem results of the statistical 
theory of homogeneous turbulence developed by von 
Weizsiicker* and Heisenberg.’ According to this theory, 
pressure fluctuations in a compressible medium produce 
corresponding density fluctuations, which in turn pro- 
duce fluctuations in refractive index and hence a 
scattered field. Under steady-state conditions, the distri- 
bution of turbulent energy in wave number can be 
derived from similarity considerations*® and leads to a 
corresponding wave number dependence of the scattered 
field. The average scattered field is found to involve only 
one parameter pertaining to the turbulence, namely the 
amount of turbulent energy dissipated per unit volume 
and time [see Eq. (48) of reference 31]. 

In this paper we use the theory of Villars and 
Weisskopf to derive the amplitude distribution of the 
scattered radiation, which we then compare with experi- 
ment. We also derive a relation between the amplitude 
correlation function and a velocity correlation function 
appearing in the Heisenberg theory. 


II. THEORETICAL AMPLITUDE DISTRIBUTION 


Villars and Weisskopf have shown that the scattered 
power is proportional to the quantity 


c(k,?) = 2» (k . vie’) (k . Viu—x’') (k ‘ v_y') (k ’ Vurr—x'), (1) 
eg 


where v,-‘ is the Fourier coefficient in the k’ direction of 
the turbulent velocity field v(r,/). k is the difference be- 


* The research in this document was supported jointly by the 
U. S. Army, Navy, and Air Force under contract with the Massa- 
chusetts Institute of Technology. 

1H. G. Booker and W. E. Gordon, Proc. Inst. Radio Engrs. 38, 
401 (1950). 

? Bailey, Bateman Berkner, Booker, Montgomery, Purcell, 
Salisbury, and Wiesner, Phys. Rev. 86, 141 (1952). 

*F. Villars and V. F. Weisskopf, Phys. Rev. 94, 232 (1954). 

4C. F. v. Weizsticker, Z. Physik 124, 614 (1948). 

* W. Heisenberg, Z. Physik 124, 628 (1948). 


tween the incident and scattered propagation vectors. 
The time dependence of v,-‘ is here indicated explicitly 
by a superscript. The allowed values of k’ and k” are 
those corresponding to expansion in a cube of side Lo, 
the linear dimension of the largest eddy. To calculate 
the average received power, Villars and Weisskopf find 
the time average of Eq. (1) and obtain 


(c(k,t) w= 2 2 | k- vy! | wk | Kk Vue! | ys. (2) 


They use the basic assumption of Heisenberg® that the 
different Fourier coefficients are independent, in particu- 
lar that 


(Vets Vary tee? av = one Wiee Vanes v= Sonr{ | Vier! |?) (3) 


They then proceed to evaluate Eq. (2) [see Eq. (45) of 
reference 3]. 

The univariate distribution of the random process 
c(k,t) (assumed stationary) is easily found. For example, 
the second moment of c(k,/) is 


(c?(k,t)) w= DC (ks vxe') 


jepes, | eee 
ee a 
X (bev) (kev ee) 
XK (Ke viterser*) (Ke vice) av. 
Applying Eq. (3), we see that 
(CU) n=8 F (|h-veet lpn ova! |e 
eva had ove 
= 8LZ (|e var |?) | vine?) FP 
=2(c(k,t))n?.  (S) 


The numerical coefficient in Eq. (5) is obtained by 
noting the number of combinations of the k’’s that are 
compatible with condition (3). Thus, for example, k” can 
equal k’ or k—k’, but if k’”’ = —k’’” we get a term which 
averages to zero. Similarly, we get for the general 
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moment 


(c"(K,t)) w= 2 “nll [Kee vue! | ay 


x | k- Vi—k’ ' | yy |= n\(c(k,t)) a”. (6) 


These moments are identical with the moments of the x? 
distribution with two degrees of freedom (i.e., the 
distribution of the sum of the squares of two independent 
Gaussian variables),* with the frequency function 


1 
f(x)=—exp(—x/20"), x>0 (7) 
20? 


and moments 


2 


(2°) y= f x" f(x)dx=n!(207)". (8) 


Thus, to the extent that Eq. (3) is valid, we have 
inferred the power distribution of the scattered radiation 
from the form of Eq. (1), which in turn can be traced 
back to the nonlinear term of the Navier-Stokes equa- 
tion [see Eqs. (27) and (29) of reference 3]. The 
distribution of the signal amplitude (envelope) is that of 
\/x, iLe., the Rayleigh distribution. 

It is interesting to note that crude (nonhydrody- 
namical) models of the scattering mechanism, e.g., a 
cloud of “independent scatterers” with a Maxwell 
velocity distribution,’’* can also lead to a Rayleigh 
distribution of the received amplitude. 


Ill. EXPERIMENTAL AMPLITUDE DISTRIBUTION 


It has already been observed? that the fading of the 
received amplitude in a long-distance vhf transmission 
seems to follow a Rayleigh distribution. In that experi- 
ment, an averaging circuit with a time constant of 12 
seconds (much greater than the average fading time*) 
was used. 

We have measured the received amplitude distribu- 
tion of a 49.6-Mc/sec continuous wave transmission 
from Cedar Rapids, Iowa, to South Dartmouth, Massa- 
chusetts (a distance of 1716 km), using a totalizer which 
records correctly varying signals with frequencies up to 
about 15 cps. The totalizer gives the amount of time the 
signal exceeds ten preset levels. These figures, when 
normalized, give directly ten points on a distribution 
curve. 

The apparatus was run for one-minute intervals in a 
series of tests conducted in December, 1953. During the 
tests, the mean signal level was about 20 db above 
noise. Intervals during which a strong meteoric burst 


6H. Cramér, Mathematical Methods of Statistics (Princeton Uni- 
versity Press, Princeton, 1951), pp. 233-237. 

7 Booker, Ratcliffe, and Shinn, Trans. Roy Soc. (London) 242, 
579 (1950). 

8S. O. Rice, Proc. Inst. Radio Engrs. 41, 274 (1953). 

* The simple consideration that an eddy is significantly changed 
in form after “moving its own length” (see reference 4) leads to 
correlation times of the order of one second. 
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caused enhancement of the signal far out of the range of 
the distribution were not accepted. (Such meteoric 
enhancement is not considered in the above theory.) 
Figure 1 shows a Rayleigh distribution (solid curve) and 
the means of the totalizer readings from four typical 
runs, all taken within 15 minutes. Shown also at each 
point is a segment representing the unbiase/| estimate of 
the standard deviation of the sample. 

It is clear from Fig. i that the observed sample fits a 
Rayleigh distribution very closely. Other samples give 
similar fittings. On the other hand, other simple positive 
distributions (e.g., the x* distributions of one or three 
degrees of freedom) fail to fit the data satisfactorily. 

We wish to thank Dr. J. T. deBettencourt and his 
associates for making available to us the facilities at 
South Dartmouth, and Mr. C. A. Wagner for his assist- 
ance in conducting the experiment. 


IV. THE AMPLITUDE CORRELATION FUNCTION 


We obtain the joint distribution of the pair of random 
variables §=c(k,t) and n=c(k, +7) by considerations 
entirely analogous to those used above to obtain the 
univariate distribution of £. As a first step, we calculate 
the moments (£'n')« by time-averaging products of the 
form of Eq. (1), some taken at time ‘+r. Using the 
independence of Fourier coefficients belonging to differ- 
ent wave numbers and the following generalization of 
Eq. (3), 


(vyrly ore 9) = Boge (Vege V_y Hr), (9) 
we find after considerable manipulation that 


min(r, 8) (7 § 
rs = (En) w= 2rls! > ( )( Jeorerain (10) 
l 


l= l 
where 


To (| Ke vic | Dad |e Vie | Daw, 
~ 

p= DOC (ee Vier") (Ke vie) ny (11) 
os 


XX (e+ Vite *) (Me Vier te 7) nee 


% OF TIME ABOVE CORRESPONDING LEVEL 


-, = a -4 ° a 





RELATIVE SIGNAL LEVEL (08) 


Fic. 1. Rayleigh distribution (solid curve) and experimental dis- 
tribution points, showing the standard deviations of the latter. 
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The characteristic function” g(t,u) of the joint distribu- 
tion is defined as the Fourier transform of the joint 
frequency function, i.e., 


elu) =(estrron ya ff esteem urs(Emdédn, (12) 


W 2(&,n)dédn is the probability that the received power 
at any time / is between ¢ and §+dé and that r seconds 
later it is between » and »+dn. By comparing the ex- 
pansion of g(t,u) in Taylor series with its expansion in 
moments [obtained from Eq. (12) ], we find that 


ar ar 
aca (-ar| 8 ott) set hale 
ot" ou tamu 
It can be shown that 


¢(t,u) =(1—2ioot—iogu—4(o0—o,7)tu} (14) 
is the solution of Eqs. (10) and (13). Finally, W2(é,n) is 
obtained as the Fourier transform of Eq. (14), and is 
found to be (see Appendix) 


| 
W 2(&,n) =e #9 1(2p(t’n’)'), (15) 


4o°7(1 —p*) 


where Jo(x) is the Bessel function of order zero and 
imaginary argument, and 


p=px(7T)=a,/00, 
3 n 


fo eS ed pe marras 


2eo(1 —p?)’ 


2oo(1 —p’) 


The amplitude correlation function A,(7) is appro- 
priately defined as 
(En) y= (Ea 


= : (16) 
(E) a — (ED a? 


ART 


[Thus A,(0)=1, since »=£ for r=0; and A,(~)=0, 
since £ and n become independent as r—> . ] Evaluating 


((&n)*)» from 
(En) Yw= f f (én) !W2(t,n)dédn, 


we find that 


r 1 1 1 
A,(r)=——{_ -9"(7r) +—pa'(7) +— (1) --- ). (17) 
4 64 256 


—e 


0H. Cramer, reference 6, pp. 265-6. 
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As in the case of the univariate distribution, Eq. (17) is 
the result predicted by the assumption of “independent 
scatterers,’”!! 

Heisenberg’ calculates the quantity 


(Wie Vite / (Vie Vite Daw 


and finds it to be a universal function g(y) of the 
dimensionless variable y= }vpko'k!r. As we have defined 
it, px(r) is simply 


2 | evi |? viet“? 


Xg(Svokoth’'r) g(Svoko! | k—k’ | #7) 
px(7)= (18) 
Z| vie! ?)ah | Be vie—ee|?) a 





(ko is the wave number of the largest eddy, v9 its mean 
velocity.) The denominator (aside from multiplicative 
constants) is just the mean power calculated by Villars 
and Weisskopf by an integration in bipolar coordinates. 
Given g(y), the numerator can be calculated in exactly 
the same way. Heisenberg gives only a very approxi- 
mate solution to the equations determining g(y).* The 
authors hope to improve this approximation and then 
compare the p:(r) calculated from a suitable g(y) with 
experiment. 


APPENDIX 
If we substitute 


2ogt=t'/(1—p’), 2oou=u'/(1—p?), (A-1) 


into the characteristic function [Eq. (14) ], we get 


1—p’ 


(A-2) 





o(t,u)= Z ‘ a8 
(1—it’)(1—iu’)—p? 


The joint probability density is then 


1 Co) o 
W2(é,n) = (a)? J J e~ Eta) (t,u)didu 
1 


i (2)*400?(1—p?*) 
e7 Et +a’ wu’) 


xf f dt'du’, 
~» (1—it')(1—inu’)—p?* 


—n 


(A-3) 





g n 


ee oo 7 = ——, 
209(1—p*) 


- Qeolt~ py) 


"2D. E. Kerr, Propagation of Short Radio Waves (McGraw-Hill 
Book Company, Inc., New York, 1951), pp. 553-557. 
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etna’ 
, 





du 
f 1—iu’—p*/(1—it’) 


p 
=29 exp| —-+9- -} n’>0 
—t 


=(0, 2'<0 (since p?/(1+f)<1). (A-4) 


Therefore, 


W2(E,n) = 


820.7(1— .’) 


2 dt’ 4 p? 
x J exp —it't'+1/ | 
1—it’ 1—it’ 


2 


(A-S) 
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If x=1—it', 


: dt’ ea! p? 
exp] —1 n —— 
1—it' + 1—i0' 


1+ io dx n'p* 
= ~ie f — exp yt") 
iim x 
2re®’ ee "ny! p? 
waee* 2 yet”) : 
(¢’>0, by the Residue Theorem) 
= 2ne-"'Iy(2p(é'n')}), 


which when substituted into (A-5) gives the probability 
density, Eq. (15). 


(A-6) 
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2 Transition of Liquid Helium 


Ryoicut KIkucHi 
Institute for the Study of Metals, The University of Chicago, Chicago, Illinois 
(Received July 12, 1954) 


The partition function of liquid helium proposed by Feynman, g=2g(L) exp(—aT'L), is calculated for 
a simple cubic lattice using an approximation corresponding to Bethe’s method for the Ising model. It is 
shown that a second-order transition occurs at a27,=1n4, or T,=2.9m/m' °K (m and m’ representing the 
true and the effective masses of a helium atom). The nature of the approximation is discussed. 


I. INTRODUCTION 


HE series of papers on liquid helium which 
Feynman has recently published’* explained 
many of the so far unsolved properties of this sub- 
stance. However, the problem of the nature of the 
transformation still does not seem to have been settled. 
In his papers'? Feynman proposed an expression for 
the partition function and solved it approximately to 
obtain a transition of a third order. As it is commonly 
accepted that the A transformation of liquid helium 
is of a second order, Feynman? ascribed the disagree- 
ment between his results and experiment to the fact 
that he neglected the correlation among atoms, both in 
the same cyclic change and in different cyclic changes. 
Though Chester‘ agreed with Feynman with regard to 
this interpretation of the discrepancy, Rice,’ Matsu- 
bara,® and ter Haar’ expressed the view that the above 
neglect of the correlation is not the origin of the dis- 
crepancy. 
1R. P. Feynman, Phys. Rev. 90, 1116 (1953). 
2R. P. Feynman, Phys. Rev. 91, 1291 (1953). 
+R. P. Feynman, Phys. Rev. 91, 1301 (1953); Phys. Rev. 94, 
262 (1954). 
4G. V. Chester, Phys. Rev. 93, 1412 (1954). 
50. K. Rice, Phys. Rev. 93, 1161 (1954). 


6 T, Matsubara, Busseiron Kenkyu 72, 78 (1954). 
7D. ter Haar, Phys. Rev. 95; 895 (1954). 


The purpose of the present paper is to show that a 
technique developed in the order-disorder theories can 
be applied to this problem to take into account the 
geometrical correlation, and, though the conclusion is 
not completely convincing (due to the approximate 
nature of the technique), that Feynman’s partition 
function does give a second-order transition. 


Il, FREE ENERGY 


The original expression for the partition function 
with which we begin is Eq. (7) of reference 2: 


fx maT S = ] 
= Cp - ee Z—- 0%; 
= J Seria 4 ) 
X(t, 22, °**, v)d%a; (1) 
in which m’ is the effective mass of a helium atom. For 
the derivation of this equation and the notation, readers 
are referred to the original paper by Feynman. When 
one assumes that the value of p(z;, 22, ---, Zv) is non- 
vanishing only when the 2’s are located on a simple 
cubic lattice and that (2;—Pz,)? is neglected except 
when its value is equal to d’, d being the lattice constant 
of the hypothetical lattice, Eq. (1) reduces to Eq. (4) 
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6 Fis. 1. Examples of al- 
lowed polygons for g(L). 
BC is a two-sided bn Ko, 
Each of EF, FG, GK, KO, 
ON, etc., is called a “side,” 
and each of E, F, G, K, etc., 
is a “vertex” of the polygon. 
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of reference 1, namely 
q=2 g(L) exp(—aTL), 


where 


a=m'd*k/2h*. 


g(L) is the total number of ways that polygons can be 
drawn by connecting nearest neighbor points of a 
simple cubic lattice so that the total number of “sides” 
of all the polygons together is L. Here, by a “side” of a 
polygon we mean a bond between nearest neighbor 
lattice points. From the meaning of Eq. (1), the 
polygons are drawn under the following restrictions: 
(i) between two adjacent lattice points only one side 
is drawn, except for two-sided polygons, (ii) polygons 
must not come into contact, and (iii) polygons except 
for the two-sided ones are counted twice, corresponding 
to the two directions of cyclic change. 

The terminology is explained in Fig. 1. BC is an ex- 
ample of a two-sided polygon. The polygon EGONJIE 
has eight “sides” by our definition because, for example, 
EG contributes two “sides,” EF and FG, though this is 


(a) (C) 
= 


oe 
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Fic. 2. Examples of polygons not allowed for g(L). 
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contrary to the ordinary usage of the word. In Fig. 2 
some of the examples are shown which are not allowed. 
(a) is a pair of two-sided polygons in contact at the 
point A, (b) two polygons in contact at B, (c) two 
polygons crossed each other, and (d) two polygons 
sharing a bond. 

The problem we are concerned with in this paper is to 
evaluate Eq. (2). For that purpose we follow closely 
the method used by the author in a treatment of the 
Ising model.* We express L and g(Z) as functions of a 
certain number of parameters and replace g of Eq. (2) 
by its maximum term; in other words, we minimize the 
free energy, 


F=—kT \n{g(L) exp(—aTL) ], (3)9 


with respect to these parameters. 

Under the restrictions mentioned above concerning 
polygons, the possible configurations of a lattice point 
and of a bond are as shown in Tables I and II. The 
symbols in the tables are to be interpreted as follows: 
A dot is a lattice point which does not belong to any 
polygon (like the point A in Fig: 1). The double line 
of y4 indicates a two-sided polygon (BC in Fig. 1), and 
the lattice point of x2: a vertex of this polygon (the 
point B or C in Fig. 1). The angle for x; means that this 
lattice point is a vertex of a multisided polygon (e.g., 
the point G in Fig. 1). This symbol also includes a 
point like K in Fig. 1."° The arrows indicate the direc- 
tions of cyclic change. The x’s and y’s are the proba- 
bilities of finding one of the respective configurations 
and the values of a’s and §’s are the number of different 
configurations having the same probability on the basis 
of symmetry requirement. For instance, a2 is six be- 
cause there are six different directions that a two-sided 
polygon can be drawn with a given point as its vertex. 
a; is equal to the number of ways of selecting two out 
of six, multiplied by two, corresponding to the two 
cyclic directions. The §’s are calculated as follows: B2=2 
&5Ci, Bs=(sCi)*, B5=2XsC2X2, Be=2XKsCiXsC 2X2, 
Br= (6C2X 2)’, and Bs= (sC1)?X2. 

As is seen in these drawings, every point is either a 
vertex" of a polygon or does not belong to any polygon. 
In other words, we always have closed polygons. There- 
fore the figures in Tables I and II satisfy the three 
requirements mentioned above. 

When the number of lattice points in the lattice is NV, 
the total number LZ of “sides” of polygons can be 
written as 


L=3N (2y4+50ys). (4) 


®R. Kikuchi, Phys. Rev. 81, 988 (1951). This paper will be 
referred to as TCP I. 

* Although F has the form of F=E*—TS* when one puts 
E*=akT*L and S*=k Ing(L), E* and S* do not have the meaning 
of energy and entropy, respectively, because E* contains 7’. See 
Eqs. (7) and (18) below. 

© A point like F or K in Fig. 1 is called a vertex, too, because 
EF and FG are each considered separately to be a side. 





A TRANSITION 


This is a rigorous relationship. For g(Z) one has to be 
satisfied with an approximate functional form. The 
best approximation using the parameters defined in 
Tables I and II is the one corresponding to that of 
Bethe, and the form of g(Z) for that case is given by 
the last equation of Section B of TCP I, that is 

g(L)=Xy*"'Vy “Ne, (5) 
where 2w is the coordination number of the lattice, and, 
as defined in Eq. (A.5) of TCP I, 


Xy=J] (xiv) !, 


8 
Vv=]I (yiN) ¥. 


t=] 


Inserting Eqs. (4), (5), and (6) into (3) and using 
Stirling’s formula, the free energy of the system be- 


TaBLe I. Configuration of a point. 
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comes 
F = 3akT?N (2y44+50ys) 


3 8 
—kTN(5 > Aix; Inx;—3 > Biyi Iny,) (7) 
ee] 


=| 
for w=3. The next procedure is to minimize F with 
respect to independent parameters, keeping 7 constant. 
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One can derive from Tables I and II the following 
geometrical relations among x’s and y’s: 


1= 2%; + 6%2.+ 30x23, 
1= Vi tSyot 2045, 


(8) 


X2= yot Syst 20y6= Va, (9) 


X3= st Syet+ 20y7= Sys. 


If one chooses ys, ys, Ye, ¥7, and ys as independent 
variables, the other variables can be expressed as linear 
combinations of these, as shown in Table ITI. 
Minimizing F of Eq. (7) with respect to the inde- 
pendent variables, one obtains the following five funda- 
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TaBLe IT. Configuration of a bond. 
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mental equations: 
(10) 


(11) 
(12) 
(13) 
(14) 


ys= 2, 
Yive= Vos, 
V7 = Ye, 
e2 Ty y4/ yy"! = (xr9/24)", 
OT ytyg/y 5 = (x3/x1)5. 


These equations together with relations in Table III 
can be solved without much difficulty when one puts 


yal Vie, (15) 
¥5/N1 =, 
yielding 
v= fee? 


: (16) 
w= (4e-°? — 1)/20, 


The other variable can be written as functions of 
v and w. 

As ys and y, are positive, w of (15) should be positive. 
Then Eq. (16) shows that this solution is valid only 
when the temperature is lower than the critical tem- 
perature 7, defined by 


aT) = |n4= 1.386. (17) 


When Eqs. (10) to (14) are satisfied, or when F of 
Eq. (7) is a minimum with respect to the parameters, 
the free energy F, the entropy S, and the energy E of 


TABLE III. Relations between the dependent and the inde- 
pendent variables. The meaning of this table is, for example, 
41 = 1— Gyg— 150 yy. 
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the system can be written as 
F = —kTN(5 |nx,—3 Iny,), 
S= —3akT N (2y¢4+50ys)+kN(5 Inx,—3 Iny,), 
E= —3akT*N (24+ 50ys). 


Frora these relations one can see that if the x’s and y’s 
are continuous functions of temperature, then so are 


Sand E. 
The specific heat cy per atom can be derived from 


E of Eq. (18): 
cu 28.867 26(14.4— 3é) 


(18) 


(19) 





k (144-2)? 14.4-¢ 


where we put 0=aT. At the critical temperature, 
6,=1n4, Eq. (19) gives 


Cm 1n4 
—-=——(180 In4—78) = 1.407. 
k 169 


(20) 


IV. REGION FOR Hel 


When w is zero, one can see that x; and ys to ys also 
vanish, As may be seen from Tables I and II, this is a 
state in which only two-sided polygons exist. Then, 
of the five equations, (10) to (14), all but (10) and (13) 
become trivial identities. We can still use » as defined 
in Eq. (15) for this case, but the results are different, 
namely 

v= (r—1)/10, (21) 
where 


r’=1+20e™, 


One can use the same expressions (18) for S and E, 
and the specific heat is given by the temperature de- 
rivative of 

ak sii | 2(5+6r) 25 


(22) 
a Lr+1+126-" r+1 





kN 
At the A point, the specific heat becomes 
Cin In4 


—-=—(50 In4—78) = —0.071. 
169 


(23) 

















Fic. 3. The specific heat ¢ per atom versus 0=aT. The 
values at the transition point are: @,= 1.386, cy, =1.407k, and 
en = — 0.0712. 
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Comparing this with ¢1, of Eq. (20) and considering 
that EZ is continuous at 7, one concludes that this 
temperature corresponds to a second-order transfor- 
mation. 

When one calculates a of Eq. (2) using d=3.4A, 
which is the average distance between atoms in liquid 
helium, 7) of Eq. (17) is equal to 


T,=2.9(m/m’) °K, (24) 


where m and m’ are the true and the effective masses 
of a liquid helium atom, respectively. If one equates 
the expression for 7, with the observed \ point, 2.2°K, 
one obtains m’/m=1.3 which is not too unreasonable, 
though slightly smaller than Feynman’s estimate.’ 

The curve of specific heat versus 0(=aT) is plotted 
in Fig. 3. Since q of Eq. (1) is not the total partition 
function of the system, but is to be multiplied by a 
function of temperature as is seen in Feynman’s paper,” 
it is to be expected that the negative value of the 
specific heat in Fig. 3 should be increased to a positive 
value when the remaining factor of the partition func- 
tion is taken into account ; thermodynamics is therefore 
not contradicted. 

From this and the foregoing section and from some 
other evidence, one can interpret the transition as 
follows. Above 7) the main contribution to the partition 
function comes from polygons of finite size, their sizes 
increasing as the temperature is lowered. At 7, or 
below, polygons of infinite size predominate. In order 
to verify this picture, a better approximation which 
uses a square as the basic figure, as was done in TCP I, 
is desirable. In that approximation we expect that not 
only two sided polygons but also squares exist in the 
He I region. The minimum of the specific heat just 
above 7), which we attribute to the nature of the 
approximation, is expected to disappear or to be re 
duced by the improved approximation. 

As is the case in the approximate treatment of the 
Ising model, the actual value of ¢r1,—c1, does not have 
any physical meaning. Also it should be emphasized 
again that the present approximation fails near the 
absolute zero, because we neglected values of (z;— Pz,)? 
larger than d*. However, it seems worthwhile to investi- 
gate how good the present approximation is at some- 
what higher temperatures. This we shall do in the next 
section by comparison with the Ising model. 


V. COMPARISON WITH ISING MODEL 


One of the specific features of the results in the pre- 
vious sections is that a second-order transition is ob- 
tained without recourse to any long-range order 
parameters. Although in the ordinary order-disorder 
theories, the concept of long-range order helps one to 
understand the physical nature of order-disorder to 
such an extent that it may be looked upon as the 
central feature of the phenomenon, a moment’s reflec- 
tion will indicate that there are treatments of order- 
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disorder problems that do not use the concept of long- 
range order. 

To make the presentation simpler, !et us consider in 
this section a two-dimensional square lattice. The 
partition function of the Ising model can be written as 


f=2% (coshK)?4-Q, tanh*K, (25)" 


where 2, is the number of configurations of polygons 
when the total number of “sides” of polygons is n. The 
difference between 2, and g(L) of Eq. (2) is that for 2, 
all three restrictions (i), (ii), and (iii) of Sec. II do 
not hold, and instead the requirements are: (i’) between 
two adjacent lattice points only one side is drawn, and 
the two-sided polygons are not allowed, (ii’) polygons 
may intersect or touch, but a given bond must be used 
once only, and (iii) each polygon is counted once. For 
example, in Fig. 2, (b) and (c) are allowed, but (a) and 
(d) are not: BC of Fig. 1 is not allowed. 

Although Eq. (25) was used to evaluate f rigorously," 
it seems worthwhile, for the present discussion of the 
nature of the approximations, to show a method of 
evaluating f approximately. We shall apply the pair 
approximation which is analogous to the one used in 


TaBLe IV. Configuration of a point for the Ising model. 
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previous sections, and shall show that it gives a result 
identical to the ordinary Bethe approximation which is 
the pair approximation applied to the partition function 
including the long-range order parameter. 

The different configurations of a lattice point and of 
a bond, together with the notation for the probability 
of finding one of them, are listed in Tables IV and V. 
One can see from Table V that the number » of “sides” 
of polygons is 

n= 2N (9y4+ 6yst ye). (26) 

For the pair approximation, we use Eqs. (5) and (6) 
with w=2 for 2,. Hence from Eq. (25) the free energy 
contributed from the summation part becomes 


F=—kT In{Q, tanh"K] 
= 2kT NO (9yit+- 65+ 40) 
—kTN[3 Dax; Inx;—2E8,y; Iny;], (27) 
where 


@=In(cothX). 


1 See, for instance, G. F. Newel! and E. W. Montroll, Revs. 
Modern Phys. 25, 353 (1953); Kurata, Kikuchi, and Watari, 
J. Chem. Phys. 21, 434 (1953). 
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Taste V. Configuration of a bond for the Ising model. 
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Making F a minimum with respect to the independent 
variables, one obtains 


y2/y1= (3—e®)/(3e®—1). (28) 


Since this quantity must always be positive, the transi- 
tion point 0, is given by 


0, =In3. (29) 


Above 7, all of the x’s and y’s vanish except 2; 
and y;, which means that above 7,, 2, are all zero 
except = 1, giving 


f=2%"(coshK)?". (30) 


This equation is exactly the partition function of the 
disordered state calculated from the ordinary Bethe 
approximation. It is just a matter of mathematical 
manipulation to obtain the solution for the ordered 
state under Bethe’s approximation from Eqs. (27) and 
(28) when y2+0. 

This analysis makes it legitimate to say that the 
method used in the previous sections corresponds to 
Bethe’s approximation as far as the relation to the 
rigorousevaluation of the partition function isconcerned. 

Although we have different restrictions on g(L) of 
Sec. II and on Q, of this section, the difference does not 
seem to affect appreciably the cooperative nature of 
the problem. For instance, if we replaced the restric- 
tions on g(L) by those on 2, and used the ordinary 
theories of order-disorder for calculating g, the transi- 
tion point for the simple cubic lattice would be 


aT)\= 3, 


which is very close to the value of Eq. (17). 
It is desirable to apply the method developed in 
TCP I in obtaining an improved approximation to 


(31)'3.14 


2 Using the definition of @ in Eq. (26) and K=«/kT, the 
value of @,, Eq. (29), corresponds to 2e/kT.=1n2, which is the 
well-known result obtained when Bethe’s approximation is applied 
to the square lattice. 

‘8 Comparing Eqs. (3) and (27), @, is equated to a7}. Actually, 
the value of a7, would be 1.57 by Bethe’s approximation and 
1.52 by Wakefield’s estimate of the true transition point. See 
reference 14. 

4 A. J. Wakefield, Proc. Cambridge Phil. Soc. 47, 799 (1951). 
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estimate g of Eq. (2). However, in the next approxi- 
mation, with a square as the basic figure, the number of 
independent variables increases to about twenty. But 
we may take advantage of the close similarity between 
our g and the ordinary order-disorder partition func- 
tion, and may predict from a knowledge of the Ising 
model what would happen if one improved ¢he approxi- 
mation for q. 

With improvement in the approximation, 7, would 
change slightly, but the real transition point would not 
be too far from the value of Eq. (17)."* em, and cn 
would both increase, the former moving higher more 
rapidly than the latter, increasing the discontinuity 
C1ur—Cr. Although the three-dimensional case of the 
Ising model has not yet been worked out, it is probable 
that cya, and also cy,, becomes infinite in the rigorous 
solution.’* As cz, increases, the part of the specific heat 
curve just above 7) naturally increases, and could give 
the shape which Feynman obtained using a different 
approximation.” 

In short, the relationship between the various ap- 
proximate and the rigorous solutions of this problem 
might be similar to that between the approximate 
solutions and Onsager’s rigorous solution’® of the 
problem of the two-dimensional Ising model. 


VI. DISCUSSION 


The present calculation is based on the assumption 
that atoms are localized on lattice points. This may 
not be too unsatisfactory for discussing the qualitative 
nature of the transition, in view of the success of the 


4% 1f the relation between Bethe’s approximation and Wake- 
field’s estimate mentioned in reference 13 is transplanted to the 
resent problem, the value of Eq. (17) would have to be lowered 
ess than 0.1 to coincide with the true transition point. 

© L. Onsager, Phys. Rev. 65, 117 (1944). 
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lattice model for solid-liquid-gas phase changes." It is 
probable that, using the lattice model, one can repro- 
duce the qualitative nature of the amorphous phases 
correctly if one does not take advantage of the long- 
range regularity of the lattice but only of its local 
nature.'* The type of lattice one uses would not affect 
the result very much. Of course it is desirable to extend 
the calculation to a continuum model.” 

As Chester pointed out, Matsubara” obtained a 
second-order transition starting from an approximation 
quite similar to Feynman’s. The difference between the 
treatment of Matsubara and that of Feynman seems to 
be that the former assumed a positive constant potential 
for atoms in cyclic rings. This assumption should be 
justified before we can accept his theory. 

From evidence in the treatment of the ideal Bose- 
Einstein gas and from Feynman’s discussion, it seems 
likely that the dominance of infinitely large polygons 
below 7) corresponds to the condensation to the lowest 
energy level, though we have not succeeded in showing 
it clearly. 

Summarizing, the present paper indicates, following 
Feynman’s ideas, that the transition of liquid helium 
is essentially a Bose-Einstein condensation of hard- 
sphere Bose particles. 

Thanks are due Professor R. P. Feynman for 
helpful discussions. 

17 See, for instance, F. Cernushi and H. Eyring, J. Chem. Phys. 
7, 547 (1939); J. E. Lennard-Jones and A. F. Devonshire, Proc. 
Roy. Soc. (London) A163, 53 (1937); R. Kikuchi, J. Chem. Phys. 
19, 1230 (1951). 

18 For instance, the division into sublattices is a kind of long- 
8. regularity and should not be considered in a model for a 
"4 Although a paper by the author (reference 17) shows how to 
extend this calculation to a continuum, the method is highly 


impracticable. 
® T. Matsubara, Progr. Theoret. Phys. 6, 714 (1951). 
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The results of a detailed statistical analysis of the scintillation counter are used to correct previously 
published data for the response to low-energy photoelectroas of NaI(TI) and anthracene. The nature of 


the true response curves is discussed. 





INTRODUCTION 


EVELOPMENT of the scintillation counter has 
for the first time permitted quantitative investi- 
gation of the luminescence excited in crystals because 
of individual nuclear particles. Much useful information 
has been gained in this way about a fundamental aspect 
of the interaction between nuclear particles and solids. 
In this connection it is essential that the character- 
istics of the scintillation counter are accurately known 
in order that the observed pulse-height distribution may 
be satisfactorily related to the scintillation intensity. 
At moderate and high particle energies the distribution 
for monoenergetic particles is essentially Gaussian! and 
it is permissible to identify the position of the mean with 
that of the maximum as generally done. At low particle 
energies however, the statistical processes of photo- 
electron production and cascade multiplication of these 
in the photomultiplier tube result in a distribution 
which is markedly asymmetrical. A detailed calculation? 
of these processes has shown that the position of the 
maximum always lies below that of the mean; for the 
anthracene scintillation counter this difference becomes 
significant at electron energies below about 100 kev. It 
is the purpose of this communication to apply this 
correction to the previously published data of West, 
Meyerhof, and Hofstadter’ and Birks and Brooks‘ for 
the NaI(TI]) and anthracene counter, respectively. 


METHOD 


A statistical analysis was made of the experimental 
distributions in order to convert mean pulse-height 
measurements V, into mean photocathode electrons vip. 
The general expression for the fractional variance of the 
observed distribution’ is: 


np 
where # is the mean gain of the first dynode stage, 8 is 
the mean gain per stage of the remaining stages, and 


o,?/# is the fractional variance of the gain of the first 
stage being due to nonuniform sensitivity over its sur- 


var(V) 1 ae ee 
(1+: ——-+— }+constant, 
rf8—1 


1G. F. J. Garlick and G. T. Wright, Proc. Phys. Soc. (London) 
B65, 415 (1952). 

2G. T. Wright, J. Sci. Instr. (to be published). 

3 Mest, Weyerhof, and Hofstadter, Phys. Rev. 81, 141 (1951). 

‘J. B. Birks and T. D. Brooks, Phys. Rev. 94, 1800 (1954). 

5G. T. Wright, J. Sci. Instr. (to be published). 


face. The quantity ¢ is a statistical enhancement factor, 
similar to that used by Morton, and is caused by non- 
normal variance of the dynode gain; under normal 
operating conditions it may be taken as unity.’ The 
constant is determined by a variety of factors and in a 
well-designed counter is zero. The fractional variance 
was derived from the fractional half-width (using only 
the distributions of Gaussian profile from the higher- 
energy particles) and plotted in terms of the reciprocal 
mean pulse height. In each case the resulting curve was 
linear and passed through the origin. From the slope 
of this line the original results were interpreted in terms 
of mean photocathode electrons. 

The position of the mean of the distribution differs 
from that of the maximum nfm. In terms of photo- 
cathode electrons we have’: 


Ap=npmt+6, 


where 4 is a constant which is slightly dependent upon 
multiplier gain but whose average value is about 0.7. 
The true response curves are shown in Fig. 1 and 
Fig. 2 for NaI(Tl) and anthracene, respectively; the 
original experimental results are also shown in these 
diagrams to illustrate the appreciable magnitude of the 
correction. The true response curve for NaI(TI) indi- 
cates that for this material the conversion efficiency 
increases at very low energies while for anthracene the 
response is exactly proportional to electron energy. 


a 
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Fic. 1. Response of Nal(T1) to internally produced 
photoelectrons. * experimental; — true response. 
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Fic. 2, Response of anthracene to internally produced 
photoelectrons. % experimental; — true response. 


DISCUSSION 


Anthracene is typical of the organic phosphors and 
these will be discussed as a class. 

The nature of the response to internally produced 
photoelectrons as illustrated in Fig. 2 is of considerable 
fundamental importance unlike the response curves to 
external electrons for which surface effects may be 
appreciable. The true fluorescence intensity is pro- 
portional to the total energy dissipated in the crystal 
over the measured energy range. It is of significance 
that there appear to be no quenching processes de- 
pendent upon nonradiative interaction between ionized 
or excited molecules for, if present, such mechanisms 
would produce a nonlinear response. The nonlinear 
response to external electrons*® must consequently be 
caused wholly by surface effects such as reflection of 
primary electrons and escape of secondary electrons 
and soft x-rays (or possibly far ultraviolet photons, see 
Birks’). In addition, overlap of absorption and fluores- 
cence spectra produces considerable variations in scin- 
tillation intensity due to a decrease in the efficiency of 
collection of fluorescence photons as the depth of 
penetration of the particle decreases. This occurs be- 
cause fluorescence photons emitted by molecules near 
the surface may escape through the surface* instead 
of being reabsorbed in the crystal with possible collec- 
tion after subsequent re-emission. Measurements by 
the author (unpublished) show that for short range 
particles in anthracene (R<10~* cm) this process can 
reduce the apparent scintillation efficiency to less than 
one-half of its actual value. 

At very low photoelectron energies, however, one 
would expect to find a nonproportional response since 
for energies less than the maximum in the ionization 

*T, 
me mis Remley, Eby, and Kruger, Phys. Rev. 

b; B. Birks, Scintillation Counters (Pe on Press, London; 
MMR a meet ae ee Seen 
Birks (reference . nds opi il 


curve ionization is no longer the predominant mecha- 
nism of energy loss and there is probably an associated 
change in fluorescence efficiency. Measurements in this 
region would be made most readily by the techniques 
of vacuum spectroscopy and are likely to yield results 
of much interest. It is in this region that scintillation 
decay times become longer than photofluorescence 
decay times and constant quantum efficiency of response 
to absorbed photons changes to constant energy 
response. 

Although the response to heavy particles is nonlinear,® 
the conditions which exist for these are quite different 
from those for external electrons. For the same initial 
velocity (which together with charge mainly deter- 
mines the rate of energy loss), these penetrate many 
times further through the crystal than electrons and 
in any event do not suffer the multiple scattering 
experienced by electrons, which keeps a large propor- 
tion near the surface; it is unlikely therefore that 
surface effects are appreciable for the heavy particles 
except at very low energies.’ The quenching processes 
operative are consequently to be sought in conditions 
which are not produced by electrons. 

It is known that the heavy particles are proficient in 
producing damage of the crystal lattice. Each absorbed 
particle produces a large number of permanently 
damaged molecules and it is almost certainly the case 
that many more molecules are temporarily damaged 
or dissociate but recombine on the Franck-Rabinovitch 
principle before this damage can become permanent. 
If we accept the effectiveness of the particle for produc- 
ing radiation damage as a measure of the extent of 
this latter process it is negligible for electrons as com- 
pared with the heavy particles.” It is feasible then that 
the bimolecular quenching mechanisms" for the heavy 
particles are connected with the production of tem- 
porary chemical entities in the excitation column which, 
although recombining rapidly, nevertheless exist for a 
sufficient period (10-" to 10~" sec) for quenching to 
occur. 

CONCLUSION 

The linear response to internally produced electrons 
shows that quenching by nonradiative interaction of 
ionized and excited molecules in the excitation column 
is not the mechanism responsible for the nonlinear re- 
sponse of the organic phosphors to ionizing radiations. 

In the case of external electrons this is attributed 
to surface effects, and for the heavy particles to bimo- 
lecular processes connected with the production of tem- 
porarily damaged molecules in the excitation column. 
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The conductivity and Hall coefficient of InSb have been measured over the temperature range 78°K to 
750°K.. At low temperatures an electron mobility of 30000 cm*/volt-sec and a mobility ratio of 29 are 
observed. The effective mass of electrons is 0.04m and the width of the forbidden energy gap is 0.23 ev at 


T=0°K. 


Optical absorption studies have been made at temperatures between 13°K and 300°K. The position of 
the absorption edge of degenerate n-type samples depends on the impurity content and is in good agreement 


with Burstein’s predictions. 





INTRODUCTION 


NDIUM antimonide is one of a series of semi- 

conducting compounds formed between elements of 
the B-subgroups of the third and fifth columns of the 
periodic table. In 1952 Welker’ focused attention on 
this family of materials (antimonides, arsenides, and 
phosphides) and reported briefly on their properties. 
These compounds possess the zincblende structure; the 
nearest neighbor distance in InSb is 2.80 A, equal to 
that of grey tin. The melting point of the compound is 
523°C. An earlier publication? indicated some of the 
interesting features of this compound, namely, the 
small forbidden energy gap and the high electron 
mobility. Measurements of resistivity and Hall effect 
have now been made on a number of samples; the 
optical absorption of the compound has also been 
studied in detail. 


EXPERIMENTAL PROCEDURES AND RESULTS 
Samples 


The compound is prepared by melting the com- 
ponents together in stoichiometric proportions. The 
starting materials used were antimony obtained from 
the Bradley Mining Company and indium from the 
Anaconda Copper Mining Company. The antimony has 
a purity of 99.95 percent and contains small amounts 
of Pb, As, Cu, and Fe. The purity of the indium is 
99.954 percent, the major impurities being Zn, Sn, Ni, 
Cd, Fe, Cu, and a trace of Pb. The melting process is 
done in an induction furnace with helium or argon as a 
protecting atmosphere. The melt is contained in a 
grade A carbon crucible. Further purification of the 
compound was achieved by repeated zone melting. 
Ingots were drawn from the melt by the Kyropoulos 
technique starting with a small seed. In some cases the 
compound was prepared by melting together antimony 
and indium in an evacuated vycor tube. The antimony 

* Supported in part by the Office of Ordnance Research. 


t Now at Army Engineering Laboratories, Fort Belvoir, Vir- 


inia. 
1H. Welker, Z. Naturforsch. 7a, 744 859); bes 248 (1953). 
2R. G. Breckenridge, Phys. Rev. 90, 488 (1953). 


used was chemically purified, following the method of 
Groschuff.’ All ingots showed p-type conductivity and 
were slightly polycrystalline. The samples cut from 
ingot SC-5 are, however, single crystals. The n-type 
specimens were prepared by adding tellurium to the 
melt. 

X-ray analysis confirmed the zincblende structure 
with a lattice constant‘ of 6.4782 A at 25°C in reason- 
able agreement with the values reported by Gold- 
schmidt.® 


Electrical Properties 


The measurements of resistivity and Hall effect were 
made with the conventional dc method. For the low- 
temperature experiments the probes were soldered to 
the sample with indium metal; pressure contacts were 
used at high temperatures. Measurements were made 
in the range 78°K to 700°K with results given in Figs. 1 
and 2. These results are in good agreement with data of 
other investigators.':78 

The striking feature of these results is that the Hall 
coefficient of the p-type samples reaches much higher 
values in the intrinsic range than in the extrinsic re- 
gion. The Hall and resistivity curves are practically 
flat in the extrinsic range, indicating very small activa- 
tion energies for imperfections. 


Optical Properties 


The optical absorption of several n- and p-type 
samples has been investigated. These samples were cut 
from the same ingots as those used for the electrical 
measurements, except P4 which is an impure n-type 
specimen. The samples were ground and polished, and 
ranged in thickness from 3 to 5 mil. 


+E. Groschuff, Z. anorg. u. allgem. Chem. 103, 164 (1918). 
‘These measurements were made by the Microstructure Sec- 
tion of the National Bureau of Standards. 
5V. M. Goldschmidt, Skrifter Norske Videnskaps-Akad, Oslo. 
I. Mat.-Natur. KI. No. 2 (1926). 
( *R. G. Breckenridge and W. R. Hosler, Phys. Rev. 91, 793 
1952). 
7H. Weiss, Z. Naturforsch. 8a, 463 (1953). 
5M. Tanenbaum and J. P. Maita, Phys. Rev. 91, 1009 (1953). 
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Fic. 1, Resistivity of various InSb samples. 


The determination of the optical transmission follows 
closely the conventional method. The radiation from a 
source is focused on the sample by means of mirrors. 
An incandescent lamp is used as a source up to 2 4 and 
a globar for wavelengths between 1 and 15 wu. The trans- 
mitted radiation is refocused on the entrance slit of a 
Perkin-Elmer model 83 monochromator (NaCl prism) 
which is used to analyze the transmitted radiation. The 
light beam is chopped at 10 cps near the source and the 
analyzed radiation measured with a Perkin-Elmer 
vacuum thermocouple and a tuned amplifier. The 
effect of stray radiation on the apparent transmissivity 
is reduced and checked by means of appropriate trans- 
mission filters. Measurements are made at wavelength 
intervals of 0.5 4 over most of the range and 0.1 y at 
the absorption edge. 

For measurements at liquid nitrogen temperature, the 
samples are mounted in a small metal Dewar while 
data near liquid helium temperature are obtained with 
a cryostat similar to the one designed by Duehrig and 
Mador.® However, the absorbed radiation heats the 
samples to a temperature somewhat higher than that 
of the refrigerant. An Ag-Au thermocouple” indicated 
that the actual temperatures of the sample obtained 
for liquid nitrogen and helium cooling were about 85°K 
and about 15°K, respectively. 

Several runs were made using a slightly different 


* W.H. Duehrig and I. L. Mador, Rev. Sci. Instr. 23, 421 (1952). 
* Sigmund Cohen, New York, New York. 
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experimental procedure. In this case monochromatic 
light from the spectrometer was focused onto the 
sample and then collected by the detector. The results 
are essentially the same as those obtained with the 
previous method. 

One very thin p-type sample (1 mil) showed regular 
maxima and minima of the absorption coefficient in 
the long wavelength tail (7-15 yw). This interference 
pattern is caused by multiple reflections inside the 
sample. The refractive index x can now be calculated 
from the well-known interference relation and yields 
an average value for « of 3.5 over the range 7 to 15 u. 
This value is in good agreement with the one reported 
by Briggs et al." This enables us to correct the trans- 
mission for reflection losses and plot the spectra in 
terms of the absorption coefficient.” Absorption spectra 
for several samples at room temperature are given in 
Fig. 3. One notices that the location of the absorption 
edge changes from sample to sample between 3 and 7 u. 
This anomaly has been reported also by Tanenbaum 
and Briggs. Figure 4 shows the temperature variation 
of the absorption coefficient for a pure p-type sample 
(SC-5) and for an impure n-type specimen (P4), The 
shift of the absorption edge with temperature (ex- 
pressed in ev/deg) appears to be much larger for the 
n-type sample than for the p-type specimen. 
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Fic. 2. Hall coefficient of various InSb samples. 
" Briggs, Cummings, Hrostowski, and Tanenbaum, Phys. Rev. 
93, 912 (1954). 
2 H. Y. Fan and M. Becker, Semiconducting Materials (Butter- 
worths Publications, London, 1951). 
‘8 M. Tanenbaum and H. B. Briggs, Phys. Rev. 91, 1561 (1953). 
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DISCUSSION 


In order to calculate the different parameters, such 
as charge carrier concentration, carrier mobility, and 
forbidden band width, we use a procedure slightly dif- 
ferent from that of Pearson and Bardeen.“ We will 
apply this analysis to the results for sample SC-5 
(p type). 

The Hall coefficient {in cm*/coulomb) is given by 


3m nb’—p 


8e (nb+p)? 


where »=concentration of electrons in the conduction 
band, p=concentration of holes in the valence band, 
Ma=electron mobility, ~»=hole mobility, b=pn/up, 
and e=electronic charge in coulombs. Furthermore, 


p=nt+N, (2) 


in which V=number of acceptor impurities per cm‘, 
which are all ionized over the temperature range studied. 
We want to determine the value of R at its maximum, 
Rimax- Now in the case of a p-type semiconductor, n is a 
function only of T and further a monotonic increasing 
function of T such that Rmax can be determined from 
the condition 


3m Mun? — pu,’ 


8e (Munt+ pup)* 


5R/in=0. (3) 

The value for m for which R reaches its maximum is 
Nnax= N/(b—1) (4) 
_ il (b- 1) 


and 


(5) 
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Fic. 3. Absorption spectra of several m- and p-type samples of 
InSb at 305°K. —— SC-5, — — Z24,---- P4A P4. 
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4G. L. Pearson and J. Bardeen, Phys. Rev. 75, 865 (1949). 
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Fic. 4. Temperature dependence of the absorption edge of two 
InSb samples. 
SC-5 (p type) 
307°K 
86°K 
15°K 


P-4 (n type) 
303°K 
83°K 
13°K. 


range, 
Rez=31/8eN. (6) 

Hence, 
Rees, ‘Rex = 


Substituting the numerical values from Fig. 2, we find 
a mobility ratio b= 29 for sample SCS." 

The number of electrons n in the intrinsic range can 
then be calculated from the Hall coefficient 


(b—1)*/40. (7) 


(8) 


and the number of holes p follows from Eq. (2). These 
numbers have been plotted in Fig. 5. One can now 
compute the product np, which is given by the ex- 
pression’® ; 


np=4(2emkT/h*)®(m,m,/m*)se-#!*? (9) 


where m,=effective mass of electrons, m,= effective 
mass of holes, and E=width of the forbidden energy 
gap. This last quantity depends, however, on tempera- 
ture; assuming a linear temperature dependence as 
found in other semiconductors," we can replace E by 


‘6 This ratio depends not only on the total impurity concentra- 
tion, but also on the number of grain boundaries, and varies 
widely from sample to sample. Tanenbaum and Maita (see 
reference 8), report a mobility ratio of 85. 

'6This relation is accurate for completely nondegenerate 
samples but gives a value of the product np which is too large 
by about 5 percent for n=0.4N, and four times too large for 
n=20N-. The degeneracy temperature of sample SCS is 99°K. 
N.=effective density of states in the conduction band 
=2(2rmkT/h*)' [see W. Shockley, Electrons and Holes in Semi- 
conductors (D. Van Nostrand and Company, Inc., New York, 
1950), p. 240]. 
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Fic. 5, Chargekarrier concentrations of InSb single crystal. 


Eo+8T. Equation (9) can then be written 


2emkT\* /mam,\! 
np=4 ~~) ( ) oe Aik, e— Bolk? (9a) 


hk? m? 

The slope of the plot of In[np/7*] vs 1/T will therefore 
give the quantity Ey (see Fig. 6). This value appears 
to be 0.23 ev. The intercept in this plot determines the 
coefficient before the exponential e~**/*? in Eq. (9a). 
This coefficient contains two unknown parameters: 8 
and (m,m,/m*). ‘The quantity 8 can be calculated from 
optical absorption measurements (see Table I). Sub- 
stituting this value we find for the intercept 2.9 10” 
and, subsequently, 


(mym,,/m*)'= 0.077, (10) 


in good agreement with the value given by Tannen- 
baum and Maita.* The effective masses are also related 
to the mobilities!’ : 


b= un/Mp™ (m,/m,)°*?. (11) 


A combination of Eqs. (10) and (11) yields the following 
values for the effective masses of electrons and holes: 


m,=0.04m and m,=0.15m. 


At high temperatures in the intrinsic range the effect 
of electrons is predominant and R, should give a value 
which is approximately equal to the mobility of elec- 
trons. In the low-temperature region where the con- 


1 W. Shockley, Electrons and Holes in Semiconductors (D. Van 
Nostrand and Company, Inc., New York, 1950), p. 287. 


ductivity is mainly by holes, this product should give 
the hole mobility. Assuming a constant mobility ratio 
b=29, one finds mobility curves for electrons (top) 
and holes (bottom) as presented in Fig. 7. 

Similar calculations have been made for the other 
samples. Electron and hole concentrations are listed in 
Table I. 

The forbidden band width is also related to the steep 
rise observed in the absorption spectrum. The exact 
location of this edge is rather arbitrary. We have 
chosen the value where the straight line portion of the 
edge intersects with the extrapolated long-wavelength 
tail. These values are given in the column marked Eo», 
in Table I and appear to be in good agreement with 
results reported by other investigators." 

Burstein” has recently offered an explanation for the 
anomalous behavior of n-type InSb based on the very 
small effective mass m, observed for conduction elec- 
trons. The consequences of this small value of m, will 
be a very small density of states in the lower part of 
the conduction band and also a relatively small de- 
generacy concentration (10'’ per cm* at room tempera- 
ture). The Fermi level of degenerate samples will 
therefore be located at a considerable distance from the 
bottom of the conduction band, depending on the 
impurity content. Hence, the energy necessary to excite 
electrons optically from the valence band into the con- 
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Fic. 6. Plot of np/T* vs 1/T for InSb single crystal. 


18 W. Kaiser and H. Y. Fan, Phys. Rev. 95, 1431 (1954). 
%E. Burstein, Phys. Rev. 93, 632 (1954). See also: Beer, 
Willardson, and Middleton, Phys. Rev. 93, 912 (1954). 
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duction band will be larger than the width of the for- 
bidden energy gap. 

Assuming spherical energy surfaces, Burstein calcu- 
lates the following expression for the optical activation 
energy in degenerate n-type samples (n>6.5N,): 


Eeate"= E+ (1+m,/m,)(Er—E.—4kT), 


hk? s2nn! 
Ey-E=—(~) 3 
2m, \8r 


(12) 


where 


(13) 


Ev= Fermi level, and E,= bottom of conduction band. 

It has been assumed in the derivation of this ex- 
pression that the lowest unfilled level lies approximately 
4kT below the Fermi level. In order to calculate Fatc” 
we have used the following parameters. The energy 
gap £ is taken from the values obtained on the non- 
degenerate p-type samples. For the effective masses we 
have used m,=0.04 and m,=0.15 (see above). The 
results of this calculation are given in column 7 of 
Table I. 

A comparison of the observed and calculated values 
of the activation energy shows a fair agreement; our 
measurements seem to substantiate Burstein’s explana- 
tion of degenerate behavior in InSb. 

It is clear that the temperature variation of the for- 
bidden energy gap E can only be derived from the data 
on the p-type samples. The values of 8(=dE/dt) are 
listed in Table I. 

It has been shown” that transitions of free carriers 


+ 
316 500°K 





$c-5 





S R (cm*Aolts sec) 




















5) 23 2.5 27 


log T 


Fic. 7. Temperature dependence of oR for a single crystal of InSb. 
(Top: electrons. Bottom: holes.) 





* See reference 12, p. 139. 
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Taste I. Carrier concentrations, effective densities of states, and 
activation energies of InSb samples. 








Sam- T 
ple (°K) 
24 307 
ntype 85 
P-4 307 
n type 85 


Ne Eovs Evaic" 
(cm™) (ev) (ev) 


0.22 0.17 
2.8X10' 06.30 0.32 
2.0X10" 0.36 0.38 
2.8X10' 0.46 0.54 
1.7X10 0.51 0.59 
1.210 0.16 
1.7X10" 0.21 
14X10 0,23 
1.2X10% 0.16 
1.710" 0.21 
1.2 X10" 0.16 
1.7X10" 0.20 


8 
(ev/deg) 


Pp 
(cm~) 


n 
(em~) 





2.0 X10"" 





1.35 X10'88 

1.35 X10'84 

5.1 X10! 

5.1 10188 
13 5.1 K10iss 

SC-§ 307 

ptype 85 


2.1 X10" 

2. 
15 2. 

1 

1 


1 
1x10" 
1 X10" 
«1017 
x10" 
3.4 X1016 
3.4 X10'6 


~—2.5 X10"* 


P4-A 307 
pPtype 85 
P-l 307 
p type 85 


—2.3X10™¢ 


~1.6 X10~¢ 





These values are calculated from electrical measurements on the samples 
used in the optical investigations. 


TABLE IT. Absorption coefficient of InSb samples at 
room temperature (cm™'). 








Sample 
SC-5 





A=4y Aw12y 


calc 45 10 18 39 
¥ obs ea 220 | 220 220 
4-A calc 2.5 5. 10 22 

p-type obs ats 50 50 50 
P-l calc 24 5.4 10.0 21 

obs ries 180 180 180 

calc 39 87 150 340 
obs ania 25 40 110 
calc 720 1600 2906 6500 
obs 150 230 360 ee 


A =6y \=8yu 





Z-4 
n-type P-4 








within the allowed energy bands will also contribute 
to the absorption. The absorption coefficient a due to 
this mechanism is given by 


a= 5,06 10-7 \2N /ku(m*/m)?, (14) 


where = carrier concentration and m*= effective mass 
of carrier. We have evaluated the absorption coefficient 
at a number of wavelengths using the measured values 
of the parameters JV, x, u, and m*. The results of this 
calculation together with the observed values of a are 
listed in Table II. It is apparent from the data on the 
n-type samples that a is indeed proportional to A’. The 
absolute magnitude, however, is not too well predicted 
by the theory. (Even larger discrepancies have been 
found in the cases of germanium and silicon.) The ab- 
sorption of the p-type samples is, within experimental] 
error, independent of wavelength; the observed dis- 
crepancies can presumably be attributed to unaccounted 
reflection losses. 

Equation (14) shows that a is very sensitively de- 
pendent on the effective mass m* and the mobility yu. 
The values of » taken from the electrical measurements 
are very low, presumably due to the polycrystalline 
nature of the samples. It seems reasonable to assume 
that the mobility within the grains is considerably 
higher. This in turn would decrease the calculated 
values of a. 
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The Hall effect and resistivity of GaSb have been investigated over the temperature range 78° to 750°K. 
Hole mobilities as high as 400 cm*/volt-sec and a forbidden energy gap of 0.775 ev at absolute zero were 
found. Optical absorption studies at temperatures between 10° and $00°K confirm this value of the band 


separation. 


INTRODUCTION 


ALLIUM antimonide is a semiconductor of the 
group of IIIB-VB compounds with properties 
similar to those of Ge and Si. Its lattice has the zinc- 
blende structure; the melting point of the compound 
is 702°C." 
We report here on measurements of resistivity and 
Hall effect as well as optical absorption. Results are in 
general agreement with data reported by others.'~* 


EXPERIMENTAL PROCEDURE AND RESULTS 


Procedures for crystal growing and sample prepara- 
tion are identical to those used for InSb.‘ The antimony 
was obtained from the Bradley Mining Company. The 
first shipment had a purity of 99.957 percent and con- 
tained Al, Cu, Fe, Mg, and Si as impurities; later on 
antimony of 99.994 percent purity was received, the 
major impurities being As, Cu, Fe, and Pb. Gallium 
was procured both from the Eagle Picher Company 
and the Aluminum Company of America. The purity 
of this metal was about 99.95 percent and the material 
contained the following impurities: Ag, Al, Ca, Cu, Ni, 
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Fic. 1. Resistivity of m- and p-type GaSb. 


* Supported in part by the Office of Ordnance Research. 

'H. Welker, Z. Naturforsch. 7a, 744 (1952); 8a, 248 (1953). 

?D. P. Detwiler, Phys. Rev. 94, 1431 (1954). 

3H. N. Leifer and W. C. Dunlap, Phys. Rev. 94, 1431 (1954). 

‘ Breckenridge, Blunt, Hosler, Frederikse, Becker, and Ashinsky, 
preceding paper [Phys. Rev. 46, 571 (1954)]. 


Pb, and traces of Fe, Mg, and Si. Zone melting im- 
proves the purity of the compound considerably. The 
grain structure of grown ingots can be made visible 
by etching with HF and HNO;. 

X-ray analysis showed the lattice to be of the zinc- 
blende type; the lattice constant is 6.1347 A at 26°C,$ 
from which the nearest neighbor distance is calculated 
to be 2.65 A. 

The equipment for measuring Hall coefficient and 
resistivity has been described elsewhere.* Measure- 
ments cover the temperature range from 78°K to 
750°K. Results are given in Figs. 1 and 2. 

Sample X-111 (p type) has been cut from an ingot 
containing excess Ga. This ingot was annealed at 500°C 
for 24 hours and then slowly cooled to room temperature. 

Sample X-117 is a single crystal showing p-type 
conductivity. 

Sample VI-170 is taken from the pure end of an 
ingot which has been zone-melted 7 times; this speci- 
men is p type. 

Sample VI-185 has been prepared from an ingot doped 
with tellurium and shows electron conduction at all 
temperatures. 
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Fic. 2. Hall coefficient of n- and p-type GaSb. 
5’ These measurements were carried out by the Microstructure 
Section of the National Bureau of Standards. 
*R. G. Breckenridge and W. R. Hosler, Phys. Rev. 91, 793 
(1953). 
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Fic. 3. Absorption spectrum of p-type GaSb 
at three different temperatures. 


The absorption spectra of several GaSb samples 
were investigated with a Perkin-Elmer monochromator 
using procedures described previously.‘ Figure 3 shows 
the absorption spectrum (minus log transmission vs 
wavelength) of a specimen cut from the ingot labeled 
VI-170 (impure end); this specimen was ground and 
polished to a thickness of 0.13 mm. Other samples show 
similar results; the position of the absorption edge of 
p- and n-type samples is the same. Measurements 
taken at three different temperatures (300°K, 80°K, 
and 10°K) show clearly the shift of the absorption 
edge; the long-wavelength tail changes very little with 
temperature. 

DISCUSSION 


The carrier mobility has been calculated from the 
Hall coefficient R and the conductivity o by using the 


expression 
= Ra/r. (1 ) 


r isa factor which depends on the scattering mechanism. 
At high temperature where lattice predominates 
r=1,18, while in the impurity region at low tempera- 
tures r= 1.93.7 Figure 4 shows the results for the four 
samples presented. Other investigators have reported 
values of 2000 cm?/volt-sec? and 800 cm?*/volt-sec* for 
the mobility of holes at room temperature. 

A comparison of the three p-type samples shows that 
specimen VI-170 has the highest mobility, but at the 
same time the lowest Hall coefficient; the mobility of 
this sample is even higher than that of the single crystal 
X-117. This suggests that the low mobility of most of 
our samples is due to two causes: (a) the polycrystalline 
structure of the samples, and (b) a large amount of 
impurities, both donors and acceptors, giving rise to a 
high concentration of ionized scattering centers, but 
very few carriers due to compensation. Zone melting 
of ingot VI-170 has apparently removed a larger number 
of donor impurities, resulting in a higher hole concen- 
tration and also higher mobility. 

We have used the data of sample VI-170 to calculate 


TW. Shockley, Electrons and Holes in Semiconductors (D. van 
Nostrand Company, Inc., New York, i950), pp. 278-279. 
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Fic. 4. Charge carrier mobilities of GaSb. 


the mobility ratio 6 at the temperature where the Hall 
coefficient reverses sign.® 
The conductivity is given by 


o=eu,(nb-+ p), (2) 


where is the concentration of electrons and p is the 
concentration of holes. The expression for the Hall 
coefficient R is 


R= (3n/8e)[ (nb?— p)/(nb+ p)*). (3) 


The Hall coefficient reverses sign at 7’=617°K; hence 
at this temperature, 


R=0, and nb’=p=n+N, (4) 


where .V is the effective concentration of impurities. 
Substituting » in Eq. (2) and using the values for o and 
uy from Figs. 1 and 4, we obtain b=5.5 for the mobility 
ratio. 

The width of the forbidden energy band can be 
derived from the relation 


np=4(2emkT/h?)®(m,m,/m?)} exp—(Eo+8T)/kT (5) 


where 
B=dE/dT, 


and m,, m,=effective mass of electrons and holes, re- 
spectively. The slope of In (np/7*) against 1/7 deter- 
mines therefore the energy gap at absolute zero. Calcu- 
lation yields a value of Zy=0.77 ev. 

The band separation can also be identified with the 
optical absorption edge. From Fig. 3 we derive an 
energy gap E=0.67 ev at room temperature. The tem- 
perature dependence of E in the range 10-300°K 
appears to be —3.5X10~ ev/deg. These values are in 
good agreement with the result from electrical data. 

Beyond 2.54 the absorption curve rises slowly with 
increasing wavelength ; this absorption can be attributed 
to free carrier transitions. Several samples show at room 
temperature a slightly higher absorption in the region 
4 to 8u, suggesting a small but broad band. 


§ The procedure used in the case of InSb is not applicable here 
due to the uncertainty of R,x at the temperature of the Hall 
maximum. 
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Measurements of resistivity, Hall coefficient, and optical absorption of AlSb are reported. The width of 
the forbidden energy band, derived from electrical and optical data, is 1.6 ev at absolute zero. Absorption 
bands are observed at 0.75 ev in p-type samples and at 0.31 ev in tellurium-doped n-type specimens. An 
energy level diagram with several acceptor and donor levels in the forbidden energy band is suggested to 


explain these observations. 





INTRODUCTION 


LUMINUM antimonide is one of a series of semi- 

conducting compounds formed between elements 

from the columns IIIB and VB of the periodic table. 

The lattice has the zincblende structure, which is 

equivalent to the diamond structure when the two 
components are the same. 

This paper presents measurements of Hall effect 
and resistivity as well as optical absorption of AISb. 
The values obtained for the width of the forbidden 
energy gap and mobility agree reasonably well with 
those reported previously in the literature.’ Activa- 
tion energies related to defects in the crystal are also 
observed. It seems possible to interpret the optical and 
electrical data with several acceptor and donor levels 
in the forbidden band. 


SAMPLE PREPARATION 


The compound (melting point' 1060°C) is prepared 
by melting the components together in stoichiometric 
proportions. The aluminum is the standard metal used 
for melting point calibrations supplied by the Chemistry 
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Fic. 1, Resistivity and Hall coefficients of AlSb. 
* Supported in part by the Office of Ordnance Research. 
. Welker, Z. Naturforsch. 7a, 744 (1952); 8a, 248 (1953). 
* Willardson, Beer, and Middleton, Phys. Rev. 91, 243 (1953). 
+E. wet and G. Lautz, Abhandl. Braunschweig. wiss. Ges. 5, 


Division of the National Bureau of Standards. The 
purity of this material is 99.98 percent, the major im- 
purities being As, Fe, Mn, P, Si, and traces of Cu and 
Mg. The antimony (purchased from Bradley Mining 
Company) is 99.95 percent pure and contains small 
amounts of Pb, As, Cu, and Fe. For details of the 
melting process, crystal pulling and sample preparation 
we refer to a paper on InSb.‘ The ingots obtained 
always contained several crystals, but it was usually 
possible to cut out single-crystal samples of sufficient 
size for electrical and optical measurements. Zone 
melting does not seem to improve the resistivity of 
this compound. The reason might be that defects are 
more effective than chemical impurities in AlSb as a 
source of carriers. 

We have noticed that the compound decomposes in a 
humid atmosphere. Ingots become covered with a 
black film in a very short time, ultimately crumbling 
into a black powder. A desiccator affords ample protec- 
tion from moisture. Pure samples are more corrosion- 
resistant than samples of higher impurity content. 
Justi® has made these same observations; he has shown 
that the aluminum reacts with water forming the 
hydroxide. 

X-ray analysis of an AlSb sample indicated a lattice 
of the zincblende type with a lattice constant® of 
6.0959 A at 26°C and a nearest neighbor distance 
of 2.64 A. 

ELECTRICAL PROPERTIES 


The apparatus used for measurements of Hall coeffi- 
cient and resistivity has been described previously.® 
The sample holder for the high-temperature range was 
made of stainless steel; the leads were in pressure con- 
tact with the crystal. 

Two samples have been investigated. One is a p-type 
single crystal (C-7); the other was cut from an ingot 
doped with 9X10~* atomic percent of Te and shows 
n-type conductivity (C-10). The temperature depend- 
dence of resistivity and Hall coefficient is given in Fig. 1. 

The intrinsic range for these samples lies above 750°C. 

4 Breckenridge, Blunt, Hosler, Frederikse, Becker, and Ashinsky, 
this issue [Phys. Rev. 96, 571 (1954)}. 

5 These measurements were carried out by the Microstructure 
Section of the National Bureau of Standards. 


*R. G. Breckenridge and W. R. Hosler, Phys. Rev. 91, 793 
(1953). 
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ELECTRICAL AND OPTICAL 


The Hall coefficient could not be measured at the 
highest temperatures due to contact difficulties. At 
750°C and above we expect nearly all scattering to be 
due to lattice vibrations, so that the slope of Inp vs 1/T 
determines the width of the forbidden gap; this value 
is 1.6ev. The carrier concentration of sample C-7 at 
exhaustion is 10'* cm; that of sample C-10, 3 10"* 
cm, 

The mobility may be evaluated from the expression 


u=Ro/r, (1) 


where r is a factor which depends on the scattering 
mechanism.’ From the data of sample C-7 we calculate 
a hole mobility of 150 cm?/volt-sec at room temperature. 
The electron mobility as deduced from the results for 
sample C-10 is about 35 cm?/volt-sec at 300°K. The 
latter figure is very low, presumably due to the high 
concentration of both donor and acceptor impurities. 
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Fic. 2. Absorption spectrum of p-type AlSb (sample C-7). 
300°K 85°K, 14°K. 
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OPTICAL PROPERTIES 


The optical absorption spectrum of small samples, 
ranging in thickness from 5 to 10 mils, has been in- 
vestigated at wavelengths between 0.6 and 15.0u. The 
apparatus and measuring techniques have been de- 
scribed in an earlier publication.‘ 

Five different specimens have been investigated. The 
first sample, C-7 (thickness 8 mils), is a p-type single 
crystal. Two other samples, C-8 and C-9 (both 10 mils 
thick), were cut from ingots doped with, respectively, 
2X10 and 3X10™ atomic percent of tellurium. An- 
other two samples, C-10-1 (10 mils) and C-10-2 (5 
mils), were cut from an ingot containing 9X 10~ atomic 
percent of tellurium and appeared to be n-type. 

The spectrum of sample C-7 at three different tem- 
peratures is given in Fig. 2. Figure 3 compares the 
room temperature spectra of samples C-8, C-9, and 
C-10-2; the temperature dependence of the absorption 
of samples C-10-1 and C-10-2 is shown in Figs. 4 and 5S. 

The results of our measurements can be summarized 
as follows. For all samples a sharp absorption edge is 
observed at 0.82 u corresponding to a forbidden energy 


7™W. Shockley, Electrons and Holes in Semiconductors (D. van 
Nostrand Company, Inc., New York, 1950), pp. 278-279. 
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Fic. 3. Absorption spectra of three AlSb samples. Atomic 
percent Te added to melt 


sample C-8: 2X 10%, 
sample C-9: 3X 107%, 
sample C-10-2: 9X 107%. 


gap of 1.52ev at room temperature. This result is in 
good agreement with the value deduced from the 
conductivity measurements. The temperature depend- 
ence of the energy gap has an average value of —3.5 
X10~ ev/deg over the temperature range studied. 

In all p-type samples an absorption band is observed 
at 1.6 u (0.75 ev). Hall effect and resistivity data show, 
however, no corresponding slope. Adding tellurium to 
the compound converts the conductivity to n-type. 
The band at 1.6 u has then disappeared and a new band 
is observed at 4.0 u (0.31 ev). Plotting InR7! or Inp7* 
vs 1/T we find, however, an activation energy of 0.14 ev. 

In order to account for these observations we wish 
to suggest a picture which is rather similar to one 
proposed by James and Lark-Horovitz* to explain the 
behavior of bombarded Ge and Si. 

The AISb crystal will probably acquire a slight excess 
of aluminum over the stoichiometric amount due to the 
larger evaporation of the antimony from the melt. 
Consequently the compound will tend to contain a 
number of Sb vacancies. Considering the predominantly 
covalent character of AlSb,' such vacancies will pre- 
sumably act as acceptors. The omission of an antimony 
atom leaves 5 unsaturated bonds at that site in the 
crystal. It is therefore to be expected that several 





























Fic. 4. Absorption spectrum of n-type AlSb (Sample C-10-1). 
300° iy 14°K. 


’ ’ 


*H. M. James and K. Lark-Horovitz, Z. physik. Chem. 198, 
107 (1951). 
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Fic. 5. Absorption maoag of n-type > (Sample C-10-2). 
— 300°K 


localized levels will be split off from the valence band as 
indicated on the left of Fig. 6. The first level will lie 
close to the filled band, the second, third, etc. levels at 
a considerable distance from the band edge. 

We identify the second activation energy with the 
value of 0.75 ev observed in the p-type samples. The 
first level will already be occupied at rather low tem- 
peratures, while the second level will be essentially 
empty up to temperatures much higher than 300°K. 

It is possible that donor centers in a smaller number 
than acceptors will be present at the same time. The fact 
that only the 0.75-ev band has been observed in the 
p-type samples indicates that these levels are lying 
higher than the second acceptor level (and will there- 
fore be empty) or lower than the edge of the filled band. 
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Fic. 6, Suggested energy level diagram for Te-doped AlSb. 

















It is now readily seen what the result of the addition 
of tellurium will be. The tellurium atom has approxi- 
mately the same radius (r=1.32 A) as the antimony 
atom (r=1.36 A); the outer shell contains, however, 
one electron more. It might be expected therefore that 
it can replace the antimony in the crystal and act as a 
donor. The donor centers introduced by the addition of 
tellurium will then compensate the acceptors normally 
present. The conductivity of the p-type crystal will 
thus decrease until sufficient tellurium is added to 
convert the crystal to n-type. The activation energy of 
the tellurium donor levels can be estimated on the basis 
of the hydrogenic model. With a dielectric constant 
e’= 10.8," this value is calculated to be 0.125 ev. We 
can identify this activation energy with the value 
calculated from resistivity and Hall plots. 

The absorption band in the n-type sample at 0.3 ev 
is not too well understood. Since this band is only ob- 
served in the n-type samples, the absorption band might 
be due to a donor level at 0.3 ev below the conduction 
band. This activation energy will not show up in the 
resistivity and Hall plots if the number of these donors 
is less than the number of tellurium atoms. 

There are several possible interpretations as to the 
origin of these donor levels. In the first place one may 
assume that the excess aluminum will take up inter- 
stitial sites. Kendall" has proposed such a picture to 
explain the properties of n-type SiC. These interstitial 
atoms will give rise to several donor levels in the for- 
bidden band analogous to the vacancy levels. The 
open structure of the zincblende-type lattice and the 
geometrical equivalence of intersitital and lattice sites!” 
could account for the rather small second activation 
energy of such donors. 

Another possibility is the presence of tellurium in 
interstitial as well as substitutional positions. One 
could also explain these donor levels as being due to 
other chemical substitutions. From spectroscopic anal- 
yses of the Al and Sb used there is no indication of any 
impurity expected to produce n-type conductivity 
with such a large activation energy. 


*L. Pauling, The Nature of the Chemical Bond and the Structure 
of Molecules and Crystals (Cornell Univeristy Press, Ithaca, 1945). 

%” Briggs, Cummings, Hrostowski, and Tanenbaum, Phys Rev. 
93, 912 (1954). 

it J. T. Kendall, J. Chem. Phys. 21, 821 (1953). 

2H. W. Leverenz, An Introduction to Luminescence in Solids 
(John Wiley and Sons, Inc., New York, 1950), p. 94 
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An optical, dielectric, and structural study has been carried out on NaNbO; and the solid solution 
(Na, K)NbOs;, both single crystals and ceramics being used. No evidence for ferroelectricity in NaNbOs 
was found, and the crystal seems to be antiferroelectric in accordance with the nonpolar structure reported 
by Vousden. It is shown that a small additior of KNbO; to pure NaNbO; produces a new ferroelectric 
phase, the existence of which suggests a possible explanation of the conflicting dielectric and structural 


properties previously reported. 


The phase diagram of NaNbO;-K NbO; is given. This, together with the optical and x-ray studies of pure 
NaNbO;, shows that the three phase transitions in NaNbO; are quite different in nature from the BaTiOs- 


type transitions in KNbO3. 





I. INTRODUCTION 


N 1949 Matthias! reported the perovskite-type nio- 
bates and tantalates of sodium and potassium to be 
ferroelectric. The lattice parameters of NaTaO; and 
KTaO; were reported by Vousden? at room temperature, 
and the Curie temperatures were reported as 13°K for 
KTaO’ and 475°C for NaTaQO;.' However, no detailed 
investigation has been published on the ferroelectric 
transitions of the tantalates except the dielectric 
properties’ of KTaO, near the Curie point at 13°K. 

On the other hand, the ferroelectric transitions in the 
niobates, KNbO; and NaNbOs, have been studied in 
some detail. Matthias and Remeika‘ have studied the 
dielectric properties of these crystals, and Wood® has 
reported on both the optical and structural properties. 
The crystals show the following transitions, according 
to these workers: 

225°C 435°C 

KNbO;: Orthorhombice—>tetragonalA——cubic ; 
370°C 480°C 

NaNbO;: Orthorhombic-e——>tetragonale——cubic. 

The ferroelectricity of KNbO; below 435°C has been 
well demonstrated. The structural changes at the two 
transitions are quite similar to those of BaTiO; at 0°C 
and 125°C.® Moreover, a recent study at our laboratory 
has revealed the existence of an additional phase change 
at —10°C, below which the crystal symmetry is 
rhombohedral.” Hence the transitions in KNbO, are 
analogous to those of BaTiO. 

In contrast to this, the situation with NaNbO,; is 
rather confusing. Consider first the x-ray powder pho- 
tographs obtained with NaNbO; and KNbO,. In both 


t Investigation supported by contracts with the U. S. Office of 
Naval Research, and with the Wright Air Development Center. 

* On leave from Tokyo Institute of Technology, Tokyo, Japan. 

1B. T. Matthias, Phys. Rev. 75, 1771 (1949). 

2 P. Vousden, Acta Cryst. 4, 373 (1951). 

§3Hulm, Matthias, and Long, Phys. Rev. 79, 885 (1950). 

4B. T. Matthias and J. Remeika, Phys. Rev. 82, 727 (1951). 

5 E. A. Wood, Acta Cryst. 4, 353 (1951). 

6 A. von Hippel, Revs. Modern Phys. 22, 221 (1950). 
( 7 Shirane, Danner, Pavlovic, and Pepinsky, Phys. Rev. 93, 672 
1954). 


the orthorhombic and tetragonal phases, superlattice 
lines were observed on the powder photographs of 
NaNbO;.' KNbO;, on the other hand, shows a simple 
unit cell, so that the phases in KNbO; do not corre- 
spond crystallographically to those in NaNbO;. A sec- 
ond point of confusion arises from the structural study 
of NaNbO; at room temperature. Vousden*® reported 
the structure to be nonpolar, which necessarily rejects 
the existence of ferroelectricity in the crystal.’ How- 
ever, he also observed domain movement under a large 
dc field, which is usually indicative of ferroelectric be- 
havior, as were the hysteresis loops reported by 
Matthias and Remeika.‘ In defense of his space group 
assignment, Vousden" indicated a possible explanation 
of this conflicting data by proposing the existence of a 
less stable, closely related polar structure which may be 
produced under a strong electric field yielding the 
observed ferroelectric phenomena. Since no new experi- 
mental results either confirming or disproving this 
hypothesis have been reported, the whole question still 
remains open to conjecture. 

Thirdly, there are discrepancies between the x-ray 
and optical observations. Optical observations® indicate 
that NaNbO; crystals are still birefringent above 480°C, 
and do not become isotropic until 640°C. To add to the 
confusion, Wood reports that at 300°C NaNbO, is 
orthorhombic by optical measurement, while it should 
be tetragonal according to x-ray evidence. Observations 
carried out at 425° and 490°C show the crystal to be 
optically tetragonal, while x-ray evidence indicates a 
cubic lattice. As the result of his optical observations, 
Vousden reports that NaNbO; changes from ortho- 
rhombic to tetragonal at about 300°C, and to cubic 
at 600°C.? It should be mentioned here that small 
anomalies in the dielectric constant were observed at 
—80°C by Matthias and Remeika‘ and at 0°C by 
Wainer and Wentworth." Vousden, however, failed to 


*P. Vousden, Acta Cryst. 4, 545 (1951). 

*R. Pepinsky, Acta Cryst. 5, 228 (1952). 

1 P. Vousden, Acta Cryst. 5, 690 (1952). 
j ian Wainer and C. Wentworth, J. Am. Ceram. Soc. 35, 207 
(1952). 
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observe any structure changes optically down to 
—175°C? 

In order to resolve these questions concerning the 
phase transitions and possible existence of ferroelec- 
tricity in pure NaNbO,, detailed optical, x-ray, and 
dielectric measurements on single crystals and ceramic 
specimens have been undertaken in this laboratory. 
A study has also been made of the NaNbO;-KNbO, 
system in order to show the relationship between the 
various phases in the two crystals. 


II. OPTICAL STUDY OF THE PHASE TRANSITIONS 
IN NaNbO, 


NaNb0O,; single crystals were prepared by the method 
suggested by Wood.® A mixture of 5.3 g of Na,CO,, 
13.3 g of Nb2O,, and 8.9 g of NaF was heated to 1500°C 
in a platinum crucible, and then cooled to 900°C in 7 
hours. This method generally gave rectangular plates 
which were yellow in color. Well-shaped, thin plates up 
to 3X3X1 mm in size were often produced. A spectro- 
scopic analysis, kindly carried out by Dr. Lovell of the 
Mineral Science Department of The Pennsylvania State 
University, showed the following impurities : K : ~ 0.005 
percent, Li: <0.001 percent, Rb: «0.001 percent, Ta: 
no trace. 

Powder photographs were taken of these crystals by 
means of a Norelco powder camera (11.4-cm diam) with 
CuKa radiation filtered through a nickel foil. The pho- 
tographs taken at room temperature showed well-re- 
solved line splitting due to an orthorhombic distortion 
of the ordinarily cubic perovskite structure. Monoclinic 
axes were taken,’ and the lattice parameters were 
calculated from the (422) and (332) groups, with the 
results 


a’=c'=3.915 A, b=3.881 A, and B=90° 40’. 


These values are in good agreement with earlier meas- 
urements, particularly those of Vousden.? 

Extra lines were observed in NaNbO; powder pho- 
tographs by Wood,® who gave the multimolecular unit 
cell dimensions. A multiple cell structure was also 
reported by Vousden in his analysis.* A comparison 
of the extra lines observed by Wood (see Fig. 5 of 
reference 5) with our own showed the two sets of lines 
to be identical. 

When the larger NaNbO; crystals were viewed under 
a polarizing microscope, multidomains in complicated 
patterns were observed. However, several thin plates, 
approximately 1 mm? in area, showed only a few 
domains" and very sharp extinction positions. These 
crystals were used in an optical study of the phase 

% Throughout the paper, the monoclinic parameters a’=c’, b, 
and 6 heve been substituted for the orthorhombic unit cell dis- 
tances a, 6, and ¢ so that the lattice parameters can be more con- 
veniently compared with those of the cubic and tetragonal phases. 
The monoclinic and orthorhombic lattice parameters are related 
as follows: a= 2a’ sin}8, b=’, c= 2a’ cos}8. The wavelength of 
CuKay radiation was taken as 1.5405 A in all calculations. 

4 “Domain” is to be understood as “twin” if these crystals are 
not ferroelectric. 
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transitions in NaNbO;. Measurements were carried out 
with a high-temperature optical stage of simple design, 
which permitted observation under a polarizing micro- 
scope at temperatures as high as 700°C. 

At room temperature the crystals showed two types 
of domains. In some domains extinction occurred at 
positions making an angle of 45° with the crystal edges, 
while the remaining domains showed parallel extinction. 
This behavior is quite characteristic of orthorhombic 
crystals with pseudocubic habit. At 360°C a sudden 
change was noted in the optical properties of the 
crystals; above 360°C only parallel extinction was ob- 
served. A less pronounced domain-boundary movement 
was observed to occur at 480°C. The crystals continued 
to show parallel extinction even above these transitions. 
A third transition took place at 640°C, above which no 
extinction was observed ; thus it may be safely assumed 
that the crystal becomes isotropic there. 

Although these results are in good agreement with 
the three optical transitions observed by Wood,® the 
following points of interest should be noted. The optical 
change at 360°C is much more violent in nature than 
the phase transitions at 480° and 640°C. Furthermore, 
it was relatively easy to recognize an optical transition 
at 640°C, since a change from anisotropy to isotropy is 
involved; but the transition at 480°C was observed 
only in exceptionally clear, well-shaped specimens. 

In the two phases of NaNbO; between 360° and 
640°C, each crystal showed parallel extinction. In 
tetragonal crystals, parallel extinction is observed when 
the c axis lies in the plane of the plate, and optical 
isotropy is found when the ¢ axis is perpendicular to 
the plate. The latter case was not observed in the ten 
or more NaNbO; crystals we examined. Since the 
crystals were all primarily thin plates, this optical 
peculiarity is probably due to some special orientation 
of the crystal habit. 

Color changes were observed between 360° and 480°C 
as the crystals were heated. Constantly shifting spectra 
were observed with white light; and when the crystals 
were illuminated with sodium light, a series of black 
strips transversed the crystals, one by one. Although 
there is a possibility that the phenomenon is due to a 
thickness change, the exact origin of the effect is not 
known. 

Thus optical study clearly shows three phase transi- 
tions in NaNbO3. Moreover, the symmetry is definitely 
orthorhombic below 360°C and cubic above 640°C ; but 
the supposedly tetragonal phases between the two leave 
some doubt as to their true nature. The three phase 
transitions in NaNbO; were recently observed in a 
differential thermal analysis performed by Dr. Rustum 
Roy ef al. of the School of Mineral Industries, The 
Pennsylvania State University. The transition tem- 
peratures are in good agreement with those given above. 


™ Roy, deVries, Rase, Shafer, and Osborn, Second Annual 
ean to the U. S. Army Signal Corps, July 15, 1953 (unpub- 
i ; 





DIELECTRIC PROPERTIES 


Ill. X-RAY STUDY OF THE PHASE TRANSITIONS IN 
NaNbO, 


A series of powder photographs were taken of 
NaNbO; over a wide temperature range by means of 


a Unicam 19-cm high-temperature camera with CuKa . 


radiation filtered through nickel. A sample consisting 
of powdered NaNbO; crystals was sealed in a glass 
capillary having an outside diameter of 0.3 imm and 
a wall thickness of 0.01 mm. The diffraction patterns 
showed very sharp line splitting, permitting resolution 
of the CuKa;, a, doublet at an angle 6=40°. The 
lattice parameters were calculated from the line groups 
N=?+k?+P=25, 24, and 22. The results are tabulated 
as a function of temperature in Table I and plotted in 
Fig. 1. 

Below 360°C the symmetry is obviously ortho- 
rhombic, in agreement with optical observation. Al- 
though the parameters listed are those corresponding 
to a simple unit cell, the extra lines present in the 
photographs may well indicate a multiple cell. The 
intensity of these extra lines rapidly decreases as the 
temperature is raised above room temperature. 

At the transition temperature near 360°C the dif- 
fraction patterns change quite abruptly, so that the 
line splitting is greatly reduced. For example, at 375°C 
only the (510), (431), and (422) line groups are well 
resolved. The line splitting above 360°C appears to be 
typical tetragonal splitting, in agreement with the 
optical measurements. It is difficult, however, positively 
to exclude other possible lattice forms, since the distor- 
tion is so slight. 

If the crystal is assumed to be tetragonal, the calcu- 
lated c/a ratio shows a very small deviation from unity, 
c/a being 1.0023 at 375°C. Moreover, this distortion 
continues to decrease with increasing temperature, and 
at temperatures above 430°C no definite line splitting 
can be observed. Thus if a tetragonal distortion from 
the cubic perovskite lattice exists above this tempera- 
ture, the axial deviation is certainly less than 0.1 
percent. No structure changes were observed with 
x-rays at the transition temperatures of 480° and 640°C. 
Extra lines were again observed above 360° (as first 


TABLE I. Lattice parameters of NaNbO, as 
a function of temperature. 








b(A) 


3.880 
3.898 
3.910 
3.913 


a’/b 8 


1.009 90° 41’ 
1.005 90° 32’ 
1.003 90° 25’ 
1.002 90° 23’ 


T(°C) a’ =c'(A) 


3.915 
3.918 
3.921 
3.922 





c/a 
1.0023 
1.0020 
1.0014 
1.0014 


a=b c 
3.918 3.927 
3.919 3.927 
3.921 3.926 
3.921 3.927 
3.925 

3.926 

3.928 

3.942 
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Fic. 1. Lattice parameters of NaNbO3. 


reported by Wood®), but no definite conclusions could 
be drawn as to their character. 

Some of the discrepancies observed by Wood between 
the optical and x-ray measurements on NaNbO, have 
been removed by our measurements. Our x-ray powder 
photographs taken at 300°C indicate an orthorhombic, 
not a tetragonal lattice, so there is no disagreement 
between x-ray and optical observation. Wood also 
reported cubic diffraction lines above 370°C, whereas 
optical measurements indicated tetragonal symmetry. 
We were able to observe tetragonal line splitting at 
temperatures well above 370°C although this distortion 
became negligible at about 430°C. 

Wood hypothesized that the x-ray photographs gave 
the symmetry of the niobium array, whereas the optical 
properties were determined principally by the combined 
oxygen-sodium array. In this way she was able to 
account for obvious differences between the x-ray and 
optical observations. However, since the principal dif- 
ferences between these results have been removed by 
our measurements, it seems more natural to conclude 
that the optical measurements are simply more sen- 
sitive to slight lattice distortions than the x-ray 
technique. 


IV. DIELECTRIC PROPERTIES OF NaNbO, 


Dielectric measurements were made on NaNbO,; 
single crystals using rectangular plates 2-3 mm on 
edge and having a thickness of approximately 0.5 mm. 
The dielectric constant ¢ is plotted as a function of 
temperature in Fig. 2. The measurements were made 
at a frequency of 10 kc/sec with an alternating electric 
field of 5 v/cm. The sharp change in the dielectric 
constant was observed at 355°C, as reported by 
Matthias and Remeika.’ This anomaly undoubtedly 
corresponds to the orthorhombic-tetragonal phase trans- 
formation observed in our optical and x-ray measure- 
ments at 360°C. 

An effort was made to measure the dielectric constant 
in the vicinity of the second optical transition at 480°C. 
No dielectric anomaly could be detected in this region. 
However, since the loss becomes quite appreciable above 
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Fic. 2, Dielectric constant of NaNbO, single crystal. 


400°C, a small anomaly could have easily been ob- 
scured by the inaccuracy of our measurements. 

No dielectric anomalies were detected between room 
temperature and — 185°C, in agreement with Vousden’s 
optical observations® but in contradiction with previous 
dielectric measurements.*! 

Several measurements employing various techniques 
were made in an effort to detect ferroelectricity in 
NaNbO,. First of all, the relation between polarization 
and electric field was investigated using a modified 
Sawyer-Tower’s circuit. The P—E relation proved to 
be quite linear even in fields as high as 15 kv/cm. No 
hysteresis loops were observed. The relationship was 
studied over a temperature range extending from 20°C 
to 420°C and at a frequency of 60 cycles/sec. 

Pyroelectric tests were also carried out to detect any 
spontaneous polarization. First, a dc field of 10 kv/cm 
was applied across the specimen for five minutes at 
300°C, to enable the domains at least partially to align 
themselves in one direction. The electrodes were then 
connected across a sensitive galvanometer and the 
specimen heated to a temperature above the transition 
at 355°C. A change in the spontaneous polarization 
should give a current through the galvanometer on 
passing through the transition, but no discharge current 
could be detected with NaNbO;. When a similar test 
is performed on KNbO;, large discharge currents are 
observed at both the 225° and 435°C transitions. 

The effect of a dc biasing field on the dielectric con- 
stant has also been studied. In all known ferroclectrics 
(including Rochelle salt, KH,PO,," and BaTiO;)'* the 
application of such a field drastically reduces the di- 
electric constant. With NaNbO; crystals, however, the 
application of a dc field of 8 kv/cm does not affect the 
value of the dielectric constant at room temperature. 
The application of a similar field at a temperature 
slightly below the transition at 355°C even resulted in 
a slight increase in the dielectric constant. 

The experiments described above gave no evidence 


4° H. Baumgartner, Helv. Phys. Acta 23, 651 (1950). 
S. Roberts, Phys. Rev. 71, 890 (1947). 


for ferroelectricity in NaNbO;. Recently Cross!’ studied 
the dielectric properties of pure NaNbO; and found no 
evidence for ferroelectricity. Only by assuming the 
crystal to possess an extremely high coercive field, even 


. in the vicinity of the transition at 355°C, can we justify 


the existence of ferroelectricity in NaNbO;. A more 
likely hypothesis is that NaNbO; is not ferroelectric 
but is actually antiferroelectric, in accordance with 
the antiparallel niobium displacement reported by 
Vousden.* 


V. PHASE DIAGRAM OF NaNbO;-KNbO, 


In contrast with the peculiar properties of NaNbO; 
just described, KNbO; shows typical ferroelectric be- 
havior closely similar to that of BaTiO;. To account for 
the differences in NaNbO; and KNbO;, the phase 
diagram of their solid solution has been studied in some 
detail. Both ceramics and mixed crystals were used in 
the investigation. 


(a) Dielectric Measurements on Ceramics 


Ceramic specimens were prepared in the desired per- 
centages from appropriate mixtures of KxCO;, Na,CO;, 
and Nb,O;. The firing temperatures ranged from 
1050°C for pure KNbO; to 1200°C for pure NaNbO;. 
Only by adjusting the firing temperature of pure 
KNb0O; to just below its melting point could a suitable 
ceramic be obtained. Silver paste electrodes were 
applied to the ceramics for dielectric measurements. 

The temperature dependence of the dielectric con- 
stant was investigated for an ac field of 5 v/cm at a 
frequency of 10 kc/sec. Some of the results are shown 
in Fig. 3. The dielectric behavior of pure NaNbO; and 
pure KNbO; ceramics proved to be quite similar to 
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1”. E. Cross, Paper read before British Physical Society Spring 
Meeting, Leeds. Abstract in Nature 171, 1057 (1953). 
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that obtained with single crystals, except that the 
changes in the dielectric constant accompanying the 
structural transitions were much sharper for single 
crystals. No anomaly was observed in the pure NaNbO,; 
ceramic near the temperature of the second optical 
transition at 480°C. 

One particularly important result came out of the 
dielectric study of the KNbO;-NaNbO; solid solutions. 
When a small amount of KNbO; is added to pure 
NaNbO;, a second small anomaly appears in the di- 
electric constant near 200°C, in addition to the usual 
dielectric transition observed around 400°C. The result 
for (Nao.9Ko.1)NbO; is shown in Fig. 3. With increasing 
KNbO; concentration the two dielectric anomalies 
continue to appear near 200° and 400°C, so that the 
lines joining these transition temperatures for various 
compositions extend continuously to the transitions 
observed in pure KNbO;. The third and lowest phase 
transition in pure KNbO;, below which the crystal 
symmetry is rhombohedral, occurs at —10°C for pure 
KNbO;, but decreases in temperature with increasing 
NaNbO,; concentration. 

The phase diagram'*® shown in Fig. 4 was drawn from 
the data gathered with the dielectric measurements on 
the mixed KNbO;-NaNbO; ceramics. A standard pro- 
cedure was used to check each phase in the diagram for 
ferroelectricity. The hysteresis loops of a number of 
different compositions were examined at various tem- 
peratures by using an ac field of 10-20 kv/cm at a 
frequency of 60 cycles/sec. As expected, the P—E re- 
lationship is always linear above the upper phase line 
near 400°C. Well defined hysteresis loops were ob- 
served in the intermediate phase for all composi- 
tions. Hysteresis loops were also found in the ortho- 
rhombic phase for all compositions from KNbO; to 
(Nao»Ko.1)NbO;. By comparing the hysteresis loops of 
a single specimen in both the orthorhombic and 


‘8 Strictiy speaking, each phase line shown in Fig. 4 should be 


drawn as two slightly separated lines between which both the 
pe above and below the phase line coexist as a mixture. 

owever these double lines are never observed experimentally, 
principally because the neighboring phases in this type of com- 
pound are so closely related that the line separation is very small 
and a long time interval is required for the mixed phase to appear. 
The authors wish to thank Dr. Rustum Roy and Professor 
A. J. C. Wilson for illuminating discussions concerning this point. 
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tetragonal phases, we found that the coercive field 
was much larger and the polarization much further 
from saturation in the orthorhombic phase. 

The P—E relation is almost linear in the ortho- 
rhombic phase for compositions containing less than 
10 percent KNbO;, even for fields as high as 15 kv/cm. 
The absence of hysteresis loops might be explained by 
a sudden increase in the coercive field; but no reason- 
able explanation for such an increase is immediately 
obvious. The extra lines observed in the x-ray powder 
photographs of NaNbO; indicated structural differences 
in the orthorhombic phases of this crystal and KNbO;; 
hence there must be a separating phase line somewhere 
in the KNbO;-NaNbO; solid solution. Such a phase 
line could well be the dividing line between ferroelectric 
and nonferroelectric phases, explaining the absence of 
hysteresis loops on the NaNbQ; side. According to our 
dielectric measurements, the phase line lies somewhere 
between (Naooo0Ko.10) NbO; and (Nao.9sKo.o5)NbOs, as 
tentatively indicated in Fig. 4. 

When measured as a function of increasing tempera- 
ture, the dielectric constant for the various solid solu- 
tions shows a high peak at the upper transition tem- 
perature. This peak is followed by a sharp decrease, 
thereby obeying the Curie-Weiss law e=C/(T—8) 
which is typical of ferroelectrics above their Curie point. 
It should be pointed out that even ceramics made up 
almost entirely of NaNbOs;, such as (Nao.osKo.05)NbOs, 
obey the Curie-Weiss law quite closely. In pure NaNbO, 
the peak dielectric constant is low even for single 
crystals, but the behavior of the dielectric constant 
above the Curie point closely approximates a Curie- 
Weiss relation until well above 400°C, where the di- 
electric loss becomes troublesome. For the compositions 
from KNbO; to (Nao9Ko.1)NbOs, @ is about 300°C and 
C is the order of 1 to 210°°C. In pure NaNbO,, 
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C varies quite appreciably from specimen to specimen, 
being of the order of 2 to 4X10°°C. 6, on the other 
hand, changes little in comparison, generally having 
values between 60° and 80°C. 

The optical and x-ray measurements previously de- 
scribed showed NaNbO; to be tetragonal above 360°C, 
not cubic. Moreover, it will be subsequently demon- 
strated that the mixed crystal (Nao.9sKo.0s)NbO; also 
is tetragonal above the transition. It is therefore possible 
that the validity of the Curie-Weiss law for these par- 
ticular compounds is only accidental; but it may also 
mean that the tetragonal phases of NaNbO; above 
360°C are actually paraelectric. 


(b) X-Ray Study of the Phase Diagram 


The lattice parameters of the NaNbO;-KNbO; sys- 
tem were determined from powder photographs taken 
with a Unicam 9-cm powder camera and CuKa radia- 
tion. It was difficult to obtain clearly resolved lines, 
particularly with ceramics consisting principally of 
NaNbO;. However, after firing several ceramics under 
slightly different conditions we obtained powder pho- 
tographs showing sufficient resolution in the (422) and 
(400) groups to permit calculation of the lattice 
parameters. The results are shown in Fig. 5. Note that 
the lattice parameters decrease continuously from 
KNbO; to NaNbOs,, so that a solid solution is formed 
over the entire range of concentrations. 

We were not able to define clearly the phase line 
separating the orthorhombic phases of NaNbO; and 
KNbO; by x-ray measurements. Such a phase line 
should be accompanied by discontinuities in the lattice 
parameters and a sudden appearance of extra lines 
with increasing NaNbO; content. For the NaNbO;- 
KNbO,; system the lattice parameters, particularly 8, 
show sharp changes near pure NaNbO;. Moreover, the 
intensities of the extra lines observed in pure NaNbO, 
decrease rapidly with the addition of small amounts of 
KNbO;. It is not possible, however, to point to any 
particular composition as a point of discontinuity for 
the lattice parameters, because of the great similarity 
between the orthorhombic cells of KNbO; and NaNbO;. 
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Similarly the low intensity of the extra lines also makes 
it difficult to tell at what composition they first appear. 

The crystal structure of the three upper phases of 
KNbO; have been clearly identified by Wood as being 
cubic, tetragonal, and orthorhombic with decreasing 
temperature. A more detailed investigation of the 
lattice changes in the vicinity of each transition has 
been undertaken in our laboratory for comparison with 
the NaNbO; data. The unit cell dimensions of KNbO; 
were calculated from the (510), (431), (422), and (332) 
line groups observed on photographs taken with a 
19-cm Unicam high-temperature camera. The results 
are given in Fig. 6 and in Table II. It is obvious from 
these graphs that the temperature variation of the 
KNbO; cell dimensions is quite similar to that observed 
with BaTiO;."* 

A comparison of Fig. 6 with Fig. 1 reveals the 
following important differences between KNbO; and 
NaNbO;. The axial ratio observed in the tetragonal 
phase is much larger for KNbO; (c/a=1.016) than for 
NaNbO; (c/a=1.002). Moreover, the axial ratio of 
KNbO; shows very little temperature dependence in 
the tetragonal region, and an abrupt discontinuity at 
the cubic-tetragonal transition. NaNbO;, on the other 
hand, shows a marked temperature dependence and an 
extremely small discontinuity at the transition. Similar 
differences occur ir the pseudomonoclinic parameters 
a’/b and 8, used to describe the crystal in the ortho- 
rhombic phase. 

By way of comparison, (Nao.9Ko.1) NbO; shows ortho- 
rhombic symmetry at room temperature, which changes 
to tetragonal (c/a=1.010) at 240°C. The tetragonal- 
cubic transition takes place at 400°C. In general, the 
behavior of this mixed crystal is much more similar to 
KNbO; than to NaNbO;. 


(c) Specific Heat Measurements 
The specific heats of NaNbO; and (Nao »Ko.1)NbO; 


were measured as a function of temperature with a 


TABLE II. Lattice parameters of KNbO; as 
a function of temperature. 








2(A?) 


64.73 
64.87 
64.89 
64.93 


b(A) b/a 


3.9711 1.0167 
3.9797 1.0145 
3.9830 1.0134 
3.9839 1.0133 


a’ =c'(A) 


4.0375 
4.0374 
4.0363 
4.9369 





a=b ¢ c/a 

3.9972 4.0636 1.0166 

3.9978 4.0640 1.0166 

3.9992 4.0647 1.0164 

4.0023 4.0639 1.0154 

4.0048 4.0626 1.0143 

4.0080 4.0567 1.0122 
4.0214 
: 4.0225 
510 4.0252 


64.92 
64.95 
65.01 
65.10 
65.15 
65.18 
65.03 
65.09 
65,22 








 H. F. Kay and P. Vousden, Phil. Mag. (7) 40, 1019 (1949), 
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Nagasaki-Takagi adiabatic calorimeter,” which is a 
modification of Sykes’ calorimeter.” The specific heat 
specimens were prepared by powdering ceramics of the 
same type used in the dielectric and x-ray studies. 
About 15 grams of the powdered ceramic was placed in 
a platinum vessel and heated at a rate of approximately 
1°C/min. The heat content of the empty calorimeter 
was calibrated using SiO, as a standard substance. 

The specific heat anomalies observed in NaNbO; and 
(Nao.9Ko.1)NbO; are small in comparison with those 
observed in KNbO3.’ This result was to be expected, 
since the structural anomaly is much more pronounced 
in KNbO;. The integrated transition energies are listed 
in Table ITI. 


(d) Further Study of the Phase Diagram 
of Mixed Crystals 


The optical study of NaNbO; crystals showed three 
phase transitions at 360°, 480°, and 640°C, while di- 
electric measurements carried out on NaNbO; ceramics 
up to temperatures as high as 500°C showed only the 
lowest transition. To complete the phase diagram of the 
(K-Na)NbO; system, mixed crystals were prepared 
from the appropriate mixtures of NaNbO; and KNbO;, 
NaF being used as a flux. The compositions of the mixed 
crystals are not exactly in proportion to the percentages 
of KNbO; and NaNbO; because additional Na is intro- 
duced by the flux. 

Crystals were prepared of several compositions be- 
tween (Ko.5Nao.5)NbO; and pure NaNbO;. Small rec- 
tangular plates, yellow or brown in color, were obtained 
from the melt. The crystals gave excellent powder 
diffraction photographs, showing lines which clearly 
indicated an orthorhombic lattice of the perovskite 
type at room temperature. Approximate composition 
values were assigned to the crystals by comparing the 
unit cell dimensions of the mixed crystals with those 
obtained with ceramics of various compositions (see 
Fig. 5). In this manner it was found that crystals of 
(Nao.9Ko.1)NbO; could be obtained by melting a mix- 
ture of equal parts of NaNbO; and KNbO; along with 
a NaF flux. It should be emphasized, however, that the 
estimated compositions shown in Fig. 7 are only ap- 
proximate, so that the results are only semiquantitative. 

Optical observations of the mixed crystals under a 
polarizing microscope led to the phase diagram shown 
in Fig. 7. Again we found that the addition of a small 


TABLE III. Transition energy of KNbO;, NaNbO;, 
and (Ko.1, Nao.9)NbOs. 








Upper phase change 


190 cal/mole 
60 cal/mole 
50 cal/mole 


Lower phase change 


85 cal/mole 
20 cal/mole 


Composition 
KNbO; 
(Nao.9, Ko.1)NbOs 
NaNbO; 
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Fic. 7. Phase diagram of NaNbO;-KNbOs system determined 
from mixed crystals, showing behavior near pure NaNbO;. The 
vertical lines show the range of fluctuation of the transition tem- 
peratures of the same melt. 


amount of KNbO; to NaNbO, greatly altered its 
physical characteristics. The optical properties of the 
tetragonal phase in (Nao»9Ko.,.)NbO; are much more 
similar to those in KNbO, than to those in NaNbO,. 
In mixed crystals such as this we observed both domains 
of parallel extinction and plates oriented in the ¢ 
direction. 

The two tetragonal phases observed optically in pure 
NaNbO; were also observed for mixed crystals con- 
taining less than 10 percent KNbO;. The temperatures 
of these optical transitions decreased rapidly with 
increasing concentration of KNbO;. As in the case of 
pure NaNbO,, only parallel extinction was observed in 
the tetragonal phases above 360°C. No examples of 
complete extinction (i.e., c-axis plates) were found in 
the twenty or more crystals examined in this range of 
compositions. 

Single crystals large enough for dielectric tests 
were obtained from the mixed crystal growth of 
(Nao 9Ko.1) NbO;. The dielectric constant, measured at 
a field of 10 v/cm and a frequency of 10 kc/sec, showed 
two anomalies, corresponding to those obtained in 
optical observations on the crystal. Hysteresis loops 
were observed in both the tetragonal and orthorhombic 
phases, for an ac field of 10 kv/cm. 


VI. DISCUSSION 


The optical observations just described point to the 
existence of three phase transitions in NaNbO, at 360°, 
480°, and 640°C, although the latter two could not be 
verified by either dielectric or x-ray measurement since 
the structural perturbation is undoubtedly very small. 
These two phases are certainly different from the 
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tetragonal phase in KNbO,; in fact, there seems to be 
no known similar phases in any of the perovskite-type 
ferroelectrics. The dielectric properties of these phases 
and their relation to the crystal structure are still very 
much open to question. 

Our experiments on NaNbO, ceramics and crystals 
failed to give any evidence for ferroelectricity, although 
the possibility of antiferroelectricicy arising from an. 
antiparallel displacement of the niobium atoms still 
remains. Other observers, however, have reported posi- 
tive evidence for ferroelectricity. Hysteresis loops were 
obtained by Matthias and Remeika,‘ while Vousden* 
observed twin boundary movement under a strong dc 
field of 20 kv/cm. 

We attempted to repeat the latter’s experiment by 
observing the behavior of NaNbO, crystals in an electric 
field with a polarizing microscope. Most of the crystals 
showed no domain boundary movement for fields of 
15-20 kv/cm. A few, however, displayed a slight pat- 
tern change in the domains just before an electrical 
breakdown occurred. No positive conclusion could be 
drawn from the experiments. 

It is obvious that the conflicting results could be 
clarified by assuming Vousden’s space group assignment 
to be in error and by assuming NaNbO, to have an 
extremely high coercive field, preventing the observa- 
tion of hysteresis loops in our dielectric tests. At the 
same time, however, there is another possible explana- 
tion for the disagreement. 

The phase diagram shown in Fig. 4 indicates that the 
ferroelectric tetragonal phase observed in KNbO; ex- 
tends to compositions consisting almost entirely of 
NaNbO,. The ferroelectric orthorhombic phase also 
extends to within several percent of pure NaNbO,. It is 
also possible that the addition of other impurities to 
these mixed crystals would move the ferroelectric phase 
even closer to pure NaNbO;. Thus a strong electric 
field might induce the ferroelectric phase in NaNbO, 
crystals. This induced ferroelectric phase would be 
characterized by all the usual phenomena accompanying 
ferroelectricity, including hysteresis loops and domain 
boundary movement. In such a case this hypothesis 
almost exactly fits that proposed by Vousden,"” who 
assumed the existence of a ferroelectric state which, 
under normal conditions, is slightly less stable than a 
closely related nonferroelectric state. According to 
Vousden, the ferroelectric structure becomes stable 
under an applied external field, giving rise to the ob- 
served ferroelectric phenomena. This situation is sur- 
prisingly similar to the “forced transition by electric 
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field” observed in PbZrO; * and in Pb(Zr, Ti)O; * and 
(Ba, Pb)ZrO;™ solid solutions, for which ample di- 
electric and structural evidence has been given. 

In conjunction with this assumption of a metastable 
ferroelectric state, it is interesting to note that Roy 
et al. obtained a NaNbO; compound which showed no 
extra lines in the powder photograph, by quenching the 
compound near its melting point. The powder photo- 
graphs are exactly the same as those usually obtained 
with NaNbO,, except that the extra lines are missing. 
After annealing the quenched NaNbO; overnight at 
350°C, the extra lines reappear. This quenched phase 
could be identical with the induced ferroelectric phase 
described above; but until the dielectric properties of 
the quenched phase have been examined, any conclusion 
would be premature. 

It is also interesting to note that the domain move- 
ment observed by Vousden can be explained without 
resorting to an “induced ferroelectricity” hypothesis. 
If the dielectric constants of a nonpolar crystal differ 
greatly for different crystallographic directions, a strong 
electric field can create large energy differences in 
domains of different orientation. This energy difference 
may be sufficiently large to cause a domain boundary 
movement, in such a way that each domain is aligned 
with the direction of the larger dielectric constant 
parallel to the external field. The energy difference AW 
may be calculated from Ae-E?/8r, where Ae is the 
difference of the dielectric constant. To obtain an 
approximate order of magnitude for AW, we take 
Ae= 1000, and E= 20 kv/cm, which yields AW =4X 10 
cal/cm*. Such an energy difference is equivalent to the 
energy, P,- E, of a crystal having a spontaneous polariza- 
tion P, of 1X10~-* coulomb/cm? at a field of 20 kv/cm. 
This condition could give rise to the domain boundary 
movement observed in NaNbO;. The difference of the 
dielectric constants for different axes of NaNbO; could 
be of the same order as those used in the calculation; 
and since the orthorhombic distortion is extremely 
small, it is conceivable that the domains are reoriented 
in a large field. Such a reorientation due to the induced 
polarization could also lead to an anomalous P vs FE 
relationship observed on the oscilloscope. 

We are grateful to Dr. R. Roy and Dr. F. Jona for 
helpful discussions, and to Mr. J. McLaughlin for 
assistance in specimen preparation and dielectric meas- 
urements. 

® Shirane, Sawaguchi, and Takagi, Phys. Rev. 84, 476 (1951). 


* E. Sawaguchi, J. Phys. Soc. Japan 8, 615 (1953). 
% G. Shirane, Phys. Rev. 86, 219 (1952). 
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of the Double-Crystal Spectrometer 
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The widths of some Ka; lines were measured in a double-crystal spectrometer in the (1,+1) position. 
It was found that the difference between the experimental width of the line and the width of the rocking 
curve had a constant value when perfect crystal gratinge were used. 





HE relation between the width of an x-ray 

emission line and the resolving power of the 
double-crystal spectrometer has been investigated in 
the wavelength range 2285 x-units (the Cr Ka, line) 
to 708 x-units (the Mo Ka, line). The crystal gratings 
used were different atomic planes in quartz and calcite. 
It has been shown previously that the reflection proper- 
ties of these crystals are in good agreement with the 
predictions from the dynamical theory for x-ray 
diffraction, so that these crystals can be considered to 
have a nearly perfect structure. In this investigation 
the shape of the rocking curve was calculated for the 
crystal gratings under consideration and compared 
with the experimental curves. Only such crystal 
specimens where the two curves showed a satisfactory 
agreement were used, so that all these quartz and 
calcite crystals proved to be perfect. Owing to the 
dynamical theory the diffraction pattern of position 
(1,41) is identical with that of position (1,—1) (the 
latter being the rocking curve) when the absorption is 
negligible. When the absorption increases, the pattern 
in position (1,+1) becomes asymmetric, but in the 
wavelength range used its width at half-maximum 
intensity is everywhere nearly the same as that of the 
rocking curve. The difference in shape between the 
curves is also slight. Hence, the width of the rocking 
curve can be used as a measure of the resolving power 
of the double-crystal spectrometer, for which reason 
it has been determined for every emission line examined. 
It was also possible to use crystal gratings with small 
spacings and high resolving power, since the measure- 
ments were carried out on strong spectral lines, mostly 
Ka, lines. 

The results appear in Fig. 1. The width Wx of the 
rocking curve, the experimental line width W,x,, and 
the true width Wr of the line were found to satisfy 
the relation 

W xp=WrtWr. 


If we assume that both the emission line and the 
rocking curve have the classical line shape, this relation 
can be derived theoretically. 


It should be mentioned that line-width determina- 
tions carried out with slightly imperfect crystals gave 
rise to large deviations from the results in Fig. 1, when 
the crystal gratings had low resolving power. (Such 
crystal gratings are for instance calcite 211, quartz 
1011, and quartz 1010.) When the resolving power was 
high, small imperfections were unimportant. This can 
be seen from the measurements with topaz 400 which 


Wexp 








O10 


Fic. 1, The full widths pi some Ka lines as functions of 
i 


the full widths Wp of the rocking curves. The lines are: Fe (1), 
Co (2), Ni (3), Cu (4), Zn (5), and Mo (6), The following crystal 
gratings were used: gg calcite 211, (1) calcite 422, @ quartz 1010, 
© quartz 2020, O quartz , A quartz 1120, + topaz 400. 
The experimental values obtained with Cr Ka; are not shown in 
the figure, because they fall along curve (1). 


are also given in the diagram. This crystal has a mosaic 
structure, but on account of the high dispersion the 
mosaic broadening has hardly any influence on the 
line width. 

The above results indicate that the values of x-ray 
line widths and x-ray energy levels accepted at present 
are, as a rule, too great. 

An extensive report will be published later in Arkiv 
for Fysik. 
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The probability density at the nucleus of a metallic lithium conduction electron on the Fermi surface is 
calculated in the spherical approximation, giving the value Pr=0.114-0.01 atomic unit. This is in good 
agreement with measurements of the nuclear magnetic resonance shift discovered by Knight and with 
recent determinations by Schumacher, Carver, and Slichter of the paramagnetic susceptibility. 





I. INTRODUCTION 


NUMBER of years ago Knight’ discovered a 

significant difference between the frequencies at 
which nuclear resonance occurs when a given element is 
in the form of a metal, on the one hand, and when it is 
part of a nonmetallic compound, on the other. This 
shift was attributed by Townes ef al.’ to the additional 
magnetic field at the nucleus, AH, resulting from a 
partial alignment of the spins of the conduction elec- 
trons. They derived the expression 


SH WhcAvIM Pr 


yy, (1) 
HH pmo(2I+1) Pa 


where the symbols have the following meaning: Av is 
the hyperfine splitting of the atomic ground state; J is 
the nuclear spin; M is the mass of one atom; yy is the 
nuclear magnetic moment; yo is the Bohr magneton; 
X» is the paramagnetic susceptibility per unit mass; 
and P, represents the probability density of the valence 
electron at the nucleus in the free atom, while Pr is 
the same quantity for the metallic conduction electrons, 
averaged over the Fermi surface. 

Subsequently Korringa*’ proposed that the longi- 
tudinal relaxation time 7; is connected with this shift 
by the following approximate relation: 


bo” AH\~ 
 poienoe (—) ’ (2) 
th(kT)y?\ H 


where y;=1/hl. 

Since all other quantities are known from inde- 
pendent measurements, knowledge of the Knight shift 
or of 7; gives one information about the quantity 
xp(Pr/Pa). In the case of metallic Li, direct measure- 
ment of AH/H by Gutowsky and McGarvey’ leads to 
the result 


Xp(Pr/ Pa) =1.7340.02 X 10~ cgs units, (3) 


and preliminary measurements of 7; by Norberg® are 
in good agreement with this value. 


* This work was supported in part by the U. S. Office of Naval 
Research, 

1W. D. Knight, Phys. Rev. 76, 1259 (1949). 

* Townes, Herring, and Knight, Phys. Rev. 77, 852 (1950). 

5 J. Korringa, Physica 16, 601 (1950). 

“H. S. Gutowsky and B. R. McGarvey, J. Chem. Phys. 29, 
1472 (1952). 

*R. E. Norberg (private communication). 


Recent measurements of x, by Schumacher et al.t 
give the value, 


Xp= (3.744+0.6) X 10-6 cgs mass units, (4) 


which is in good agreement with unpublished calcu- 
lations by Pines.{ Thus these data indicate that 


(Pr/ PA) oxpt=0.46+0.07. (5) 


It is of interest to examine whether the band picture 
of the metallic electrons in Li can account for this 
value. Kohn and Bloembergen,® using a variational 
method with certain s, p, and d functions, suggested 
by perturbation theory, obtained a value of 1.0, in 
rather bad agreement with (5). In the present paper, 
we wish to report a more accurate calculation giving a 
value, 

(P p/P) theor=90.49+0.05. (6) 


This value was obtained with the effective potential 
constructed by Seitz’ and by replacing the atomic 
polyhedron by an equivalent sphere. All checks indicate 
that the remaining calculational errors within the 
framework of this model are less than 10 percent. 

Before going on to the details of the calculation, we 
should like to mention the reason for the discrepancy 
between the present result (6) and the earlier value of 
Kohn and Bloembergen. It turns out that although the 
probability of finding the electron in an angular mo- 
mentum state with />2 is less than 1 percent, the 
boundary conditions cannot even remotely be satisfied 
with s, p, and d functions only. The higher angular 
momentum states, in spite of their small amplitude, 
play an essential role at the surface of the cell boundary. 
The present calculation includes states up to /=6. 


II. DETAILS OF THE CALCULATION 
The Quantity P. 


Since we require the ratio Pr/P,4 we began by 
calculating 


Pa=|a(0)|?, (7) 


¢ Schumacher, Carver, and Slichter, Phys. Rev. 95, 1089 (1954). 

t D. Pines, Phys. Rev. 95, 1090 (1954). 

*W. Kohn and N. Bloembergen, Phys. Rev. 80, 913 (1951); 
82, 283 (1951). 

7F. Seitz, Phys. Rev. 47, 400 (1935); for a correction see W. 
Kohn and N. Rostoker, Phys. Rev. 94, 1111 (1954). 
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where Wa is the normalized 2S wave function of atomic 
Li. Using the potential of Seitz,” we found 


(P4)theor = 0.223a¢-%, (8) 


where do is the Bohr radius, while the measured hyper- 
fine splitting of the 2s state® leads to 


(Pa)oxpt=0.231a0*. (9) 


The agreement, to within 4 percent, must be considered 
excellent and gives one additional confidence in the 
Seitz potential. Any inaccuracy of this potential, should 
have a quite negligible effect on the ratio Pr/Pa. 


The Metallic Wave Function in the Spherical 
Approximation 


We next calculated the quantity Pr. With an equiva- 
lent spherical cell boundary this is the value of |~p(0) |?, 
where yr is the normalized wave function for any wave 
vector on the Fermi surface. If we denote the radius 
of the equivalent sphere by r,, we must solve the 
boundary value problem: 


(—V?+V(r)—E)y(r)=0, r<r,; 
V(r) = ei" cov (—r), (11) 
(1) /Ar= — etre omtay (—r)/r, (12) 


where k is the magnitude of the wave vector, assumed 
in the z direction (kr,=1.9192), and @ is the angle 
between k and rf, if possible ¥(r) can be expanded in 
terms of the s, , etc., solutions of (10), 


W(r) = coRo(r) Po(cosd) +ic,Ri(r) P;(cosd) 
+c¢2R2(r)P2(cosd)+---, (13) 


where the R; are normalized such that R,(r,)=1 and 
the c;, by a simple symmetry argument, are real. 

According to the variational theory described in a 
previous paper,® the ¢c; are determined by the condition 
that the surface integral, 


dy (r) 
Ke a et cosé sinéd@, 
s or 


(10) 
r=7,; 


I=; 


(14) 


be stationary. When (13) is substituted in (14) one 
finds that K is a quadratic form in the c;. The stationary 
condition leads to a set of linear equations for the cy, 
which are compatible provided that 


2Lol oo (Lot Li)ilo: (Lot+Le)lo2 


(Lot Li)iln —2L0u (LitLo)ily +: 
- (Lot+Le)Io2 (LitLo)ilie 2Lele eee 








8 M. Fox and I. I. Rabi, Phys. Rev. 48, 746 (1935). 
®W. Kohn, Phys. Rev. 87, 472 (1952). 
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where 


(16) 


dR, 
tol /e] 
dr iT =F sy 


j= f e~*krs 0088 P-(cosd) P;(cosd) sin6da. 
0 


In practice, the determinant is truncated after a finite 
number, say /, of rows and columns and evaluated for 
a series of energies E which enter only through the Z;. 
(The latter were found by numerical integration and, 
for high /, by cruder perturbation methods.) In this 
way the E for which A vanishes is found and the ¢; are 
then evaluated by solving the set of equations which 
lead to (15). Finally, Py is given by 


1 
Pp = co’Re? (0) om crNy, 


l= 


(17) 


4r rs 
Ni=—— | Re (r)r°dr. 
21+-1- 5 


(18) 


The results are given in Table I. 

It will be noted that if one stops at /=2, Pr is 
much too small.'® At /=3 no solution at all is found. 
However, at /=6, Pr appears to have settled down to 
within less than 10 percent of its true value. 

We have made two checks on this result. If the wave 
function satisfied the boundary condition (11) exactly 
we should have, at all angles, 


¢1P;(cos0)+¢3P3(cos#)+ ve 
CoP o(cos0) +¢2P2(cos0)+ 





f tan(kr,cos#)=1. (19) 


Following is a table of this ratio for l=5 and 6 (Table 
II). Again an accuracy of about 5 percent is indicated. 

As a second check we have substituted the function 
(13), with 7 undetermined coefficients into the boundary 
conditions (11) and (12) at the arbitrarily selected 
angles, @=30°, 60°, 75°, 90°, and determined £ 
from the condition that the equations be compatible. 
The c; and Pp were then evaluated, the result for the 
latter being 0.116a0~*, agreeing within 6 percent with 
the best variational result. We tend to favor the latter 


TABLE I. Successive variational approximations. 








E(ry) 


—0.4272 
(—0.4065)* 
— 0.4347 
— 0.4308 
— 0.4313 


Pr Xaé 
0.046 
0.075 


0.114 
0.110 











* 4 has no zero but a minimum at this energy. 


” The value 0.22 of Kohn and Bloembergen was obtained with 
s, p, and d functions which did not satisfy (10) but were suggested 
by a perturbation expansion for small k. 
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TasLe II. Accuracy of variational functions. 





0° 30° 60° 75° 


1.04 0.82 
0.92 1.05 





l=5 


1.06 
l=6 1.04 





slightly, since it does not depend on arbitrarily chosen 
angles. 

Combining the last entry of Table I and Eq. (9), 
and taking into account the error indicated by our 
checks, we arrive at the result quoted in (6). 


Ill, ADDITIONAL REMARKS 
Effect of Actual Cell Boundary 


One of the remaining uncertainties of the calculation 
is the effect of replacing the true cell boundary by an 
equivalent sphere. Since the required quantity is 
|~r(0)|? averaged over the Fermi surface one would 
expect the equivalent sphere model to give a good 
approximation, provided that the true |~(0)|? does 
not vary too much over the true Fermi surface. We 
have the following two indications that the variation 
is in fact moderate. Kohn and Rostoker’ have calcu- 
lated the energy band of metallic Li, using the actual 
atomic polyhedron. They find that the energies on the 
Fermi surface, relative to the energy of the k=0 state, 
differ by only 3 percent in the (1,0,0) and (1,1,1) 
direction. As a second check we have extracted the 
variational wave functions consisting of s, p, and d 
states from the calculation of Kohn and Rostoker and 
have computed |y(0)|* both in the (1,0,0) and (1,1,1) 
direction. Their ratio is 1.14, indicating a rather 
moderate variation over the Fermi surface. This result 
must, however, be viewed with some caution as we 
have seen that the true wave function cannot be 
adequately expressed in terms of s, p, and d functions 
only." 

Nature of the Wave Function on the 
Fermi Surface 


Returning to our “spherical” calculation, let us 
write the wave function in the form, 


(20) 


gut a¢1, 
=O 


where ; is a wave function corresponding to angular 
momentum /, normalized over the equivalent sphere; 
and let y itself be normalized to unity so that 


¥ |ai|*=1. (21) 


1 The absolute values of |y2(0)|* obtained with these functions 
is very large giving Pr/Pa~1.3 


Our variational calculation gives the following results, 
which agree with those obtained by fitting the boundary 
conditions at the selected angles within a few percent: 


|@o|?=0.20; |a,|*=0.73; |a2|2=0.06; 
|a:|2=0.00, 1>2. 


The preponderance of the p function is noteworthy. 
This is in line with a recent calculation by Schiff'? who 
has calculated the wave function at some points on the 
Brillouin zone boundary and finds that it has p char- 
acter. Since |y¥(0)|? therefore vanishes at the zone 
boundary, Jones and Schiff have anticipated a rather 
small value of Pr (the Fermi surface is quite close to 
the zone boundary), a fact which the present calculation 
bears out. 


(22) 


Perturbation Theory 


As first suggested by Bardeen," it is possible to 
expand the wave function corresponding to the spherical 
problem (10)-(12) in a power series in k. We do not 
know any good a priori reason why such an expansion 
should converge well on the Fermi surface. However, 
this is in fact the case for the energy E= E+ E,k* 
+E,k'+---.4 Keeping two terms gives, in atomic 
units, E= —0.423, three terms give E= —0.427, which 
should be compared with our best variational result of 
Table I, E= —0.431. One can similarly expand |y(0) |? 
in powers of k (see reference 2). In this way, one finds, 
in atomic units, 


|v-(0) |2=0.4247—0,9006k?, (23) 


if higher terms are neglected. This expansion is certainly 
good for small &. Further it predicts that |~(0)|? 
vanishes at k=0.6868. The calculation of Schiff? shows 
that |y(0)|* vanishes at the zone boundary which in 
our spherical model corresponds to k=0.7533. Thus 
the expansion (23) gives good results for k~0 and 
slightly low results for k near the zone boundary. On 
the Fermi surface where k=0.5979 we find 


\Wr(0)| pert?=0.103, (Pr) pertr/Pa=0.46, (24) 


which is in remarkably good agreement with the 
variational result (6) but, as expected, slightly too low. 
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2 B. Schiff, Proc. Phys. Soc. (London) A67, 2 (1954). 
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Room-temperature Hall mobilities of natural single crystals of iron pyrite with carrier concentrations of 
approximately 10!*/cm* were found to be approximate!y 100 cm*/volt-sec for electrons and 1 for holes. 
Resistivity as a function of temperature was measured on six samples in the range from — 196°C to 403°C; 
from this measurement the widta of the forbidden band was estimated to be 1.2 ev. 





LTHOUGH iron pyrite received some use as a 

crystal detector in the past, along with the more 
widely known galena, there is comparatively little in- 
formation available regarding its electrical properties. 
The International Critical Tables quote some conduc- 
tivity data! by Koenigsberger, Beckman, and Heaps 
and a Hall coefficient obtained by Smith. The con- 
ductivity data were not measured over a temperature 
range sufficiently wide to permit an estimate of the 
width of the forbidden band, and the Hall coefficient 
data were not accompanied by conductivity data which 
would permit an estimate of carrier mobility. 

Because synthesis of iron pyrite crystals suitable for 
electrical measurements proved to be difficult, natural 
crystals were selected for measurement. Specimens 
were sawed from several different single crystals in 
the approximate dimensions 1X0.5X0.1.cm. These 
wafers were lapped with carborundum powder and 


fe 





iii 











Fic. 1. Resistivity as a function of reciprocal 
temperature for mineral iron pyrite. 


1 International Critical Tables (McGraw-Hill Book Company, 
Inc., New York, 1933), Vol. 6, pp. 154, 155, 422. 
* Reference 1, p. 416. 


etched with a mixture of 60 parts HNO; and 40 parts 
HF. With a thermoelectric probe, four p-type and two 
n-type wafers were selected for measurement, n- and 
p-type wafers being eliminated. Although these wafers 
were cut from single crystals, etching revealed many 
inhomogeneities, which possibly were due to strains. 

Hall coefficients were measured at room temperature 
by means of a 10.5-kilogauss magnetic field from a 
permanent magnet and currents of 10 to 25 ma de. 
Results are shown in Table I. 

After the Hall-coefficient measurements were made, 
resistivities as a function of temperature were measured 
on all six samples in a single run. No protective atmos- 
phere was used. From Fig. 1 the width of the forbidden 
band can be estimated to be about 1.2 ev. 


TABLE I. Room-temperature electrical properties. 








Thermo- 
Sample electric 
No. type 


9 p 
13 p 
15 n 
16 p 
n 
p 


R N r Hall u* 
cm*/coul 10'8/em! Q—cm em*/volt-sec 
2.8 
23 
-7.6 
1.9 
—6.5 


6.3 





19 
20 








* Another n-type sample not included in this group exhibited an electronic 


Hall mobility of 168 cm*/volt-sec. 


Also evident from Fig. 1 is the striking difference in 
conductivities between the n-type and p-type samples 
at low temperatures. From the slopes of the plots, the 
acceptor activation energy can be estimated roughly 
at 0.lev, while the donor activation energy is very 
much less. Because of this wide difference, two of the 
p-type samples and the two n-type samples were 
spectrographically analyzed. However, no distinction 
between the two types could be made in this way. As a 
point of interest, these samples had an extremely high 
purity, considering that they were natural crystals; 
all four showed silicon as the major impurity in a con- 
centration roughly estimated at 0.03 percent. 

I wish to thank W. C. Dunlap of the Research 
Laboratory for helpful discussion and Mrs. A. P. 
O’Hara of the Material and Process Laboratory for 
the spectrographic analyses. 
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The frequency distribution of a crystal is approximated by combining Van Hove’s determination of its 
analytical nature and Montroll’s method of moments. The function G(w*) is represented by an expression 
with the correct behavior at the singularities and at the maximum and minimum frequencies. The behavior 
between singular points is adjusted smoothly by leaving m undetermined parameters. These parameters are 
then fixed by using the correct first n moments. As a test, this procedure was applied to the two-dimensional 
square lattice with nearest and next nearest neighbor interactions, solved exactly for a particular case by 
Montroll. The approximated distribution function had the right form at the end points, contained terms 
of the appropriate logarithmic form, and a jump function (with known coefficients). It also included 
Legendre polynomials with unknown coefficients, which were determined by moments. The difference be- 
tween the exact and approximate distribution functions was a few percent using only the zeroth moment 
(normalization). Using higher moments produced a gradual increase in accuracy. 





I, INTRODUCTION 


HE normal modes of a lattice are eigenvectors of 
a matrix M,;** denoted simply by M, where i, j 
are indices of the cell and a, 8 are indices of particles in 
a cell. Using the translational symmetry of the lattice, 
the problem is customarily reduced to the diagonaliza- 
tion of a matrix M**(k), denoted briefly by M(k), 
where k is the propagation constant of the wave, and 
the index a@ (or 8) takes on JZ different values, where / 
is the dimension of the space and Z the number of atoms 
per cell. The elements of M(k) are periodic functions 
of k, with the periodicity of the reciprocal lattice. 
The normalized density of eigenvalues w* associated 
with the matrix M can be defined by 


G(w*) = (6(w*— M)), (1) 


where the average of a matrix () is the trace of that 
matrix divided by its dimensionality. Using the uniform 
spacing of the propagation constant over one Brillouin 
zone, Eq. (1) can be reduced to 


Glut) = f (Cut M(k)])dk / f dk, (2) 


where 


(8{w*— M(k) ]) = (1Z)~ trace{6[w*— M(k) }} 


= (IZ)" > df w*—w,?(k) |. 


The relation between the frequency distribution g(w) 
and the distribution function of the frequency squared 
G(w"*) is 

g(w) = 2uG(a"*). (3) 


* A summary of the essential results of this paper was presented 
to the Washington meeting of the American Physical Society, 
April, 1954. 

+ Supported in part by the Office of Naval Research. 


Since the integral in Eq. (2) cannot be evaluated ex- 
plicitly except for a few special cases,'~* many approxi- 
mate methods‘ have been used to study g(w). Blackman® 
approximates g(w) by calculating the frequencies at a 
large number of points in the Brillouin zone and finding 
their distribution. This requires a great deal of labor, 
which has to be repeated for every set of force constants. 
Houston® finds the distribution along special lines in 
reciprocal space and interpolates for the rest of the 
Brillouin zone. This method introduces some spurious 
singularities in g(w).? Montroll uses the moments of 
g(w) to determine the coefficients of the initial terms in 
a power series expansion of g(w). We shall discuss 
Montroll’s*® moment method in some detail as it 
forms part of the basis of our work." 

From Eq. (1), the nth moment of G(x) is given by 


1 
m= f x"G(x)dx=(M"), (4) 
0 


or, taking explicitly the average over the propagation 
constant" as in Eq. (2), by 


m= f (Mr(w))ak / f dk (5) 


1 E. W. Montroll, J. Chem. Phys. 15, 575 (1947), 

*W. A. Bowers and H. B. Rosenstock, J. Chem. Phys. 18, 
1056 (1950). 

*G. F. Newell, J. Chem. Phys. 21, 1877 (1953); H. B. Rosen- 
stock, J. Chem. dip 21, 2064 (1953); H. B. Rosenstock and 
G. F. Newell 21, 1607 (1953); H. B. Rosenstock and H. M. Rosen- 
stock 21, 1608 (1953). 

‘A discussion of some of the methods together with references 
is given by A. C. Menzies, Repts. Progr. Phys. 16, 83 (1953). 

5M. Blackman, Repts. Progr. Phys. 8, 11 (1941). 

®°W. V. Houston, Revs. Modern Phys. 20, 161 (1948). 

’T. Nakamura, Prog. Theoret. Phys. 5, 213 (1950). 

*E. W. Montroll, J. Chem. Phys. 10, 218 (1942). 

*E. W. Montroll, J. Chem. Phys, 11, 481 (1943). 

For convenience we use units in which the maximum fre- 

uency of vibrations wz is unity so that x=w?= (w/w ,)? covers 
the range O<x <1. 

"T. H. Walnut, J. Chem. Phys. 22, 692 (1954), calculates the 
moments directly from M. 
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VIBRATION SPECTRA 


Montroll was the first to recognize that the moments 
m,, are easily computed from traces of powers of M(k) 
via Eq. (5). He showed that the first V moments can be 
used to construct the best approximate distribution 
function in the sense of least squares, for approximating 
functions expressed in a power series or a polynomial 
series containing V terms.'? For these two choices of 
expansion, the least squares criterion is equivalent to 
the requirement that the first V moments of the ap- 
proximating and exact distribution agree.’ The rate 
of convergence of such an expansion is determined by 
the smoothness of the exact function. Hence, if G(x) 
is smooth, the use of even a few moments could be 
expected to give a good approximation. 

However, it was found by Montroll,! when he did 
an exact calculation for a two-dimensional square 
lattice with nearest and next nearest neighbor inter- 
actions, that the frequency distribution function was 
not smooth but contained two logarithmic singularities. 
Smollett'* extended Montroll’s result to the case of a 
two-dimensional ionic lattice, taking into account the 
long-range Coulomb forces between ions. Similar re- 
sults were obtained by Bowers and Rosenstock? for 
the frequency distribution of vibrations perpendicular 
to the plane of the lattice. Van Hove'® subsequently 
showed that these singularities, far from being acci- 
dental, are a necessary consequence of the periodic 
structure of the lattice. They arise from those vibra- 
tions in the neighborhood of critical points k, for which 
|gradx,(k.)|=0. The singularities in G(x) occur at 
X-=2Xn(k.), where x,(k)=w,2(k). In two dimensions 
G(x) will have at least one logarithmic singularity. In 
three dimensions there will be at least three critical 
points x,, where while G(x) remains continuous, its 
derivative G’(x.) has an inverse square root singularity. 

These considerations show that a smooth approxi- 
mating function G,(x), such as a linear combination of 
polynomials which has the correct first VY moments, 
would converge slowly to G(x) with increasing N. 
Hence a large number of moments, and a corresponding 
large amount of laber, would be needed to get a good 
fit to G(x). 

We decided, therefore, to take explicitly into account 
the analytic nature of G(x) in constructing Ga(x). 
G.(«) is represented by an expression with the correct 
behavior at the singularities and at the end points. 
The behavior between singular points is adjusted 
smoothly by leaving m undetermined parameters to be 


The use of polynomials as expansion functions will always 
lead to the same result as the use of a power series, for the same 
number of terms. The use of orthogonal polynomials greatly 
simplifies the arithmetic. 

43 If an expansion is made in functions other than polynomials, 
e.g., an N-term Fourier series, the method of equating moments 
and the least squares method are distinct for finite N. While 
knowledge of the first NV moments determines a Fourier expansion 
to N terms, if the moment conditions are applied, this knowledge 
is insufficient to lead to a least squares solution. 

4M. Smollett, Proc. Phys. Soc. (London) A65, 109 (1952). 

‘6’ L. Van Hove, Phys. Rev. 89, 1189 (1953). 
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fitted by the moments.'* In this way the moments are 
used for approximating a smooth function so that good 
agreement to G(x) might be expected, even when, only 
a small number of moments are used. Essentially the 
same procedure was suggested independently by Rosen- 
stock,'? who applied it to the body-centered and face- 
centered cubic lattices. See Sec. III for further dis- 
cussion of Rosenstock’s results. 


Il. TWO-DIMENSIONAL SQUARE LATTICE 


As a test, this procedure, which we call the moment- 
singularity method was applied to a two-dimensional 
monatomic square lattice with neighbor and next 
neighbor interactions. The distribution function ob- 
tained by this procedure will be compared (a) with the 
exact distribution calculated by Montroll,' (b) with the 
distribution obtained by the unmodified method of 
moments. 

For this lattice, M(k) is a two-by-two matrix :"* 


($189 


). © 
1+(t— 1)co2—lerCa 


1,1 —1)e,— tree 
Mik) =-( + (t—1)e,— tee 
2 


S152 


where c;=cosk;, s;=sink;, i=1,2, t= (1+a/2y)“, and 
a and y are neighbor and next neighbor forces, re- 
spectively. The two roots of the secular equation are 


+= 4 2t(1—¢y¢2) + (1—2) (2—c1— 2) J 

+4[4fs5 2527+ (1 —t)*(¢,—¢2)* J}. (7) 
The mth moment of G(x) can be found from Eq. (5) by 
integrating the trace M”"(k) over the Brillouin zone, 


—m<hki,ke<m, and dividing the result by 2(2m)?. 
Thus, the first moment m,, is 


m= f asf dk2(16n?)~ 


X[2— (1—2) (e:- +2) — 2teye2 ] =}. (8) 


Montroll has calculated the first six even moments po, 
of g(w), in a slightly different way. These are related 
to the m, by 


trem f we(odde~ ff G(a)de—ma, (9) 


and their values are 
mo=1, m=1/2, m2=(3—2/+2/)/8; 
m= (S—6t+6F)/16; 
m,= (35— 6014-77? — 348 +-170)/128; 
ms = (462 — 98014-9607 — 2658 +- 804 — 51°) /1024. 


‘6 The fitting between singular points may also be done by any 
other method, e.g., Blackman’s which yields sufficiently accurate 
results away from the singularities. 

‘7H. B. Rosenstock, Phys. Rev. 95, 617 (1954). A paper re- 
porting this work is in preparation. 

* For comparison with notation in reference 1: ki—+;, x—+f?, 
G(x)-+(2f)wig(f), we measure the frequency in such units 
that the largest frequency w,= 1 


(10) 
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Taste I. Value of the coefficients of A) of the Legendre 


polynomials in the expansion of the nonsingular part of dis- 
tribution function. 





Aw™) Ae™) Ar) 


we Aw) 


G.® 


Ai™) Ag™) Ag) Aga 





—0.1306 
G.®) —0,1306 
Ge® —0,1306 6 J 
G4) —0,1306 5 . ; —0.0368 

GG.) —0.1306 i ; —0.0368 —0.0378 “* 
Go —0.1306 —0.0429 —0.0378 0.0061 


—0.1599 0.1568 








An explicit form for all higher moments was found by 
Walnut." 

Because of the symmetry of the problem it is suffi- 
cient to work in one quadrant of the Brillouin zone, 
0< 4:1, ke <. In this quadrant the critical points of x, 
are at 


(ki,ke) = (0,0), (0,2), (9,0), (3,27), when0<t<1/5. (11) 


The values of x, in the two branches x,(k), at these 
critical points are (0,1,1,1—¢) and (0, ¢, t,1—2), re- 
spectively. For ¢ greater than 1/5 but less than 1/2,” 
the x, branch has one additional critical point at 
{cos [ (t—1)/ (44) ], cos (t— 1)/(42)]}, and the value 
of x4(k) at that point is (1+37)2/ (160). 

From the behavior of x,(k) in the neighborhood of 
the critical points in reciprocal space it is possible to 
deduce the form of G(x) near the critical values of x,” 
including the value of G(O) and G(1). If the singular 
part of G(x) is called F(x), then it can be shown that 


F(x) = B, In| x—t| +B, In} x—(1—2| 


+B;H[x—(1-—0], 0<t<t, 
(12a) 
F(x)=C, In| x—t| +C, In| x— (14+34)?/160| 


+C,H[x—(1-—)], $<t<}, 
Tasie II. Convergence of the moment-singularity approxi- 


mating G(x) to the exact distribution of G(x) with increasing 
N. (N is the number of moments used.) 








Ge (x) Ge (x) Ga) (x) Ge (x) Ga (x) Ga'®)(x) G(x) 





0.637 0.637 0.637 
0.653 0,697 0.689 
0.689 0.763 0.739 


1,25 1.34 P ‘ d 1.35 


aad 


— 


” ~ 
1,08 ° ° , . 1.18 
0.897 \ ' . . 0.937 
0.939 F i ; , 0.887 
1.28 . : ° ° 1.16 


eesssss.scss 
aw 


~ 
0.695 
0.619 
0.551 


we s~oauve™ we 








' We shall assume, as did Montroll in reference 1, that ¢<}. 

” For a discussion see Sec. III of this paper, also Van Hove, 
reference 15, Secs. II and III. For comparison see Montroll, 
reference 1. 
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where H is the Heaviside unit function, H(y)=0, for 
y<0, H(y)=1, for y>0, and 


B,= —[t(1—24) 4/2"; 
B= — (1—34)[4(1—0)(1—2t)(1— St) 4/2; 


wv/2 
B;= —(2/tn) f dol (1— 38)/t+- (1+? sin’), 


k= (3°—2t4+1)/@; (12b) 


where 

Ci=—[4(1—2) 1/2; 

C2= (16t/x*) (1-4) [3 (St— 1) (3¢+1) J; 
C3=((1—34)/ Jt(1—2) (1— 28) (St—1) J“. 

The value of G(x) at 0 and 1 is 

G(O)= (1+) [t(14+2t—32)} x; G(1)=6-/x. 


In order to apply the moment-singularity method we 
subtracted F(x) from G(x) and approximated the re- 
mainder by a linear combination of m Legendre poly- 
nomials. The first n—2 coefficients of the expansion are 
determined by the requirement that first »— 2 moments 
of the approximate function agree with the exact ones. 
The remaining two coefficients are then determined by 
fixing the end points. Hence, when .V moments are 
known, the approximate distribution function G, (x) is 


(12c) 


N+1 
Ga") (x) =F(x)+ Yo Ag P,(2x—1), 
k=) 


O<x<1, (13a) 


where 


Ay”) = (2k-+1) f P,(2x—1)(G(x)—F (x) ]dx (13) 


for k< N—1, and 
N-1 
An +Anya™=G(1)—F(1)— 5 AW, 
tod) 
(—1)¥Aw+(—1)¥HA yy 
N-1 
=G(0)-F0)-¥ (-1)'4™. 
i=) 
Note that A,‘ is independent of \, the order of the 
approximation for k<(N—1). 
When the unmodified method of moments is used to 


approximate G(x), the approximating function, when 
N moments are known, G,,‘? (x) is 


(14) 


N-1 
Ga (x)= > BP, (2x—1); 
hem) 


the B,"? are again given by Eq. (13b) with F(x) set 
equal to zero. 

A numerical evaluation of the A,“ and the B,“? 
was made for ‘=1/3. This is the value of ¢ for which 
Montroll':'* evaluated G(x) in a closed form, so that 
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comparisons can be made. This will indicate how useful 
the moment-singularity method is. 
For t= 1/3, Eqs. (12) and (13) yield 


Ga (x) = — (3/n*) In| x—4| — (4/*) In| x—3| 


N+1 
+3 Ar P,(2x—1), (15) 
ko) 


G(0)=2/r; G(1)=v3/z. 


The values of the A,“”? in different orders of approxi- 
mation VN <6 are summarized in Table I. The values 
of the B,“*?, which are all independent of N, are 


Bo=1, B,=0, B= —0.4167, B;=0, 
By= —0.2269, Bs=—0.2290. (16) 
Comparisons between G(x), Ga (x), and Gy, (x) 
are presented in Tables IT, III, and IV. 


Ill, CONCLUSION 


As can be seen from Table IV, use of the nonsingular 
method of moments results in a great increase in the 
accuracy of the approximation over the usual method 
of moments for the same number of moments. The 
additional work required to find F(x) was small, for 
t=1/3. For this particular value of ¢, x(k) can be 
expanded in a ‘Taylor series near the critical points, and 
the behavior of G(x) near the critical points can be 
read off directly from Van Hove. For other values of 1, 
the critical points (0,0), (#,) are of the type which 
Van Hove calls generalized critical points. The behavior 
of «,(k) near these points is 


x(k) =xe+|E/Y(E/{E|)+O(/P|), E=k—-k.. 


To find the form of G(x) near these points, the integral 
in Eq. (2) has to be evaluated, terms of O(| |) being 
neglected. Transforming to polar coordinates in re- 
ciprocal space, the integration over the radial variable 
can be done immediately by means of the delta func- 
tion. This leaves an integration over the angle variable, 
whose evaluation may be quite difficult if it cannot be 
found in the tables. The integral representing B; in 
Eq. (12b) is one such case. 

However, even when the exact form of the singular 
part of G(x), such as the coefficients multiplying the 
logarithmic terms in two dimensions, or the square 
root terms in three dimensions, are not known, con- 
vergence would be improved greatly if the approximat- 
ing function contained terms of the correct singular 
form. The coefficients of these terms could then be 
determined by the moments. Thus, for the case con- 
sidered in this paper, it would have been preferable if 
the approximating function G,(x) consisted of poly- 
nomials multiplying the logarithmic terms whose value 
at the critical points is the correct one. This would 
have taken account of terms in the distribution func- 


597 


TaBLE ITI. Convergence of the unmodified moment approxi- 
mation G,,“") (x), to the exact distribution of G(x) with increasing 
N. (N is the number of moments used.) 








Gm ®)(x) 
=Gm%)(x) 


Gu) (x) 
=Gm)(x) 


0.332 
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0.861 
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1.13 
1.12 
1.13 
1.13 
1.12 
0.861 
0.655 
0.332 


Gu (x) 
0,103 


G(x) 
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1.34 


i] 
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6.908 
1.14 


eo 
0.733 
0.631 
0.551 
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tion of the form (x—x,) In|x—x,|. A smaller number 
of moments might then have been used to obtain the 
same accuracy. This was not done because of the extra 
work involved in solving simultaneous equations for 
the coefficients of the multiplying polynomials since no 
orthogonal set would be available. In general, the 
amount of work required to find more moments has to 
be balanced against the work involved in solving 
simultaneous equations. 

There is a theorem of Feynman” which is useful in 
finding some critical points without diagonalizing M(k). 
This theorem states that, if A(a)¥(a)=A(a)¥(a) and 
A(a) is Hermitian, then 


Oa dA(a 
( (vi), ( ‘v(0)), 
Oa 0a 


Thus |gradw*(k)| =O whenever |gradM(k)|=Q. This 
can happen only at those k where all the branches have 
critical points simultaneously. 

A great difficulty, in many cases, in finding the 
analytic form of the distribution, is the location of all 
the critical points. Van Hove’s arguments predict only 


TABLE ITV. Comparison of the unmodified approximation 
Ga (x), the moment singularity approximation G,“*) (x), and the 
exact distribution G(x) when six moments are used. 








Gu (x) 


0.103 
0.646 
0.770 


Ga‘) (x) 


0.637 
0.689 
0.739 0.740 
1.35 1.34 
D Dn 
1.17 
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™ R, P. Feynman, Phys. Rev. 56, 340 (1939). 
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the minimum number of critical points but give no 
upperbound. It is generally easy to find those which are 
at symmetry points of the Brillouin,zone. In most 
cases investigated thus far,'~* these are the only critical 
points. This might be due to the assumption made in 
these cases that the forces are of short range. The 
number of critical points might be expected to increase 
with the range of the interaction, and their location is 
then more likely to be at nonsymmetry points of the 
zone. Rosenstock'’ has devised a method for examining 
the presence of critical points inside the zone from the 
behavior of w?(k) on the boundary. 
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For three dimensions, with short-range forces, when 
the critical points are at the symmetry points the 
matrix M(k), is easy to diagonalize at these points to 
find the critical frequencies. To find the exact form of 
the distribution near the critical points x,, degenerate 
perturbation theory has to be used to find the eigen- 
values in the vicinity of k.. However, since in three 
dimensions G(x) does not become infinite at x,, it 
might be sufficient to use the right form of G(x) near x-; 
the coefficients of the singular part would then be deter- 
mined by the moment as mentioned above. This would 
agree with the results of Rosenstock." 
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Natural PbS crystals were exposed to various pressures of sulfur-vapor near 500°C and then quenched. 
Calculations based on the penetration of p-n junctions gave an interdiffusion constant of 2 10~* cm*/sec 
at 550°C. The temperature dependence of the Hall coefficient and resistivity for several treated crystals 
was determined. A forbidden energy gap of 0.37+-0.01 ev and an electron to hole mobility ratio of 1.4 was 


obtained. 


I. INTRODUCTION 


T low temperatures the electrical properties of 
ionic or partially ionic binary compound semi- 
conductors may be attributed to the presence of donor 
and acceptor levels produced either by foreign atoms 
or by deviations from stoichiometric proportions. In the 
absence of appreciable concentrations of foreign atoms 
the electrical properties are dependent to a large extent 
upon deviations from stoichiometry. Current statistical 
models predict that it is possible for all crystalline 
ionic compounds to show these deviations from stoichi- 
ometry.' The crystal can exist as a single phase over a 
range of composition through the inclusion of interstitial 
atoms and/or vacant lattice sites. While this range of 
composition is generally too small to be detected chemi- 
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1R. H. Fowler and E. A. Guggenheim, Statistical Thermo- 
dynamics (Cambridge University Press, Cambridge, 1949), Chap. 
XII. 


cally it is revealed through variations in electrical prop- 
erties which are composition sensitive. 

The ability of the crystal to exist as one phase over 
a range of composition implies some thermodynamic 
consequences which are important in the preparation 
of these materials with desired electrical properties. 
In the case of lead sulfide the equilibrium system, 
crystal-vapor, has two phases and two components, 
lead and sulfur. According to the Gibbs phase rule 
this system possesses two degrees of freedom. Hence 
when the temperature and vapor pressure of either 
component are fixed, all of the intensive properties of the 
system, such as the composition of the crystal and vapor 
phases, are fixed also. The vapor phase will in general 
contain two components in a different proportion than 
the crystal.? Therefore, under equilibrium conditions, 
the crystal can be held at a fixed composition over a 
range of temperature only by appropriately adjusting 
the vapor pressure of one of the components or the 
total pressure. On the other hand, if one of these pres- 
sures is held constant and the temperature varied or 
vice versa, then the composition of the crystal will 
change in general. 

In principle, therefore, the composition of a crystal- 
line binary compound can be varied by heat treatments 
in a controlled atmosphere comprised of its components. 
In practice, it is necessary to work at those tempera- 


2 C. Wagner, Thermodynamics of Alloys (Addison-Wesley Press, 
Inc., Cambridge, 1952), p. 67. 
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tures at which the crystal-vapor equilibrium is estab- 
lished in a reasonable length of time. The determination 
of this temperature range for lead sulfide and the corre- 
sponding vapor pressures of sulfur in equilibrium with 
the near stoichiometric solid, along with a study of some 
of the associated electrical properties, are the subject 
matter of this paper. 


II. DIFFUSION RATE IN PbS CRYSTALS 


An indication of the time required for the crystal- 
vapor system to establish equilibrium can be obtained 
from the times required for an originally n-type 
(excess lead) crystal to become p-type (excess sulfur) 
when exposed to sufficiently high temperatures and 
sulfur pressures. The necessary composition change 
will occur first at the crystal surface, and will be sub- 
sequently propagated into the crystal interior by a 
diffusion process. If the crystal is quenched in the early 
stages of this composition change, it will contain a p-n 
junction which divides its m-type interior from its 
p-type exterior. The p-n junction can be located elec- 
trically by cleaving the crystal and determining the 
sign of rectification or thermal emf at different points on 
these cleavage faces. Under certain assumptions the 
penetration-time data can be used to calculate a diffu- 
sion constant and to estimate the time required for 
the crystal to come to equilibrium with its vapor phase. 

The experimental setup is shown in Fig. 1. Two 
natural PbS crystals with known Hall coefficients and 
a quantity of sulfur are placed at the opposite ends 
of a sealed, evacuated quartz tube. The temperatures 
at the ends of the tube are controlled independently. 
The crystal temperature is fixed to within +2°C, the 
sulfur temperature to within +0.5°C. If the sulfur 
temperature is lower than that along any other part 
of the tube, the pressure of sulfur vapor in the tube is 
the vapor pressure of sulfur at this temperature. The 
crystals can be quenched at the end of a run by moving 
away the crystal furnace. In quenching, the crystals 
cooled to 300°C in about 1 minute and to 200°C in 
another minute. 

In Fig. 2, mid-sections of two crystals run simul- 
taneously are shown to indicate the penetration of a 
p-n junction after sixty minutes. The crystal tempera- 
ture was 550°C; the sulfur temperature was 123°C. 
The position of the p-n junction was located by a recti- 
fication test. An electrolytically sharpened tungsten 
probe was mounted in a fixed position in the field of 
view of a comparator microscope, while the PbS crystal 
was mounted on the micrometer stage. The rectification 
curve corresponding to a given point on the crystal 
surface was observed on an oscilloscope screen. Because 
of the sharp change in the rectification characteristics in 
crossing the p-n junction, its position could be located 
to a few ten-thousandths of an inch. 

If the composition at the crystal-vapor interface is 
assumed to be constant and the diffusion constant D to 
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Fic. 2. Cross sections showing the penetration of the p-n junction 
in two crystals of different initial compositions. 


be independent of composition, then the appropriate 
boundary value problem for a crystal of thickness h is 


aC/dt= DaC/ ax, 
C(0,)=C(h,t) =C,, (1) 
C(x,0)=C; (O0<x<h). 


The simplified analysis used here can be carried 
through with the concentration referring either to that 
of the lead or sulfide ions. In the following the concen- 
tration will be that of the sulfide ions. Then C, is the 
constant concentration of sulfide ion at the crystal 
surface, while C; is the initial concentration in the 
crystal. The solution of the boundary value problem is* 


; a) 
sin 
C(x,t)—C; 4 « 


C.—C; 


(2v+-1)*x*Dt 
xexp| | 
Ie 


=§(x,Dt). 


Since the initial compositions of the crystals used are 
such that they are in the exhaustion region at room 
temperature, the assumption is made that the initial 
concentration of sulfide ions C; at a p-n junction, and 
the concentration of conductien electrons are related 
by the equation 

a(C;—C,) =n. (3) 


The constant a is the number of conduction electrons 
per donor center. By combining Eqs. (2) and (3) the 
following condition is obtained at the p-n junction: 


n=[a(C,—C,)+n]S(x;,D)), (4) 


3 W. Jost, Diffusion in Solids, Liquids, Gases (Academic Press, 
Inc., New York, 1952), p. 37. 
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Fic. 3. Room-temperature values of Hall coefficient and resistivity 
of PbS crystals as a function of sulfur reservoir temperature. 


where x; is the distance of the p-m junction from the 
crystal surface. This equation contains two unknowns, 
a(C,—C,;) and D, which may be evaluated from 
measurements on two crystals of initially different 
compositions treated under identical conditions. From 
the values obtained on the two crystals given in Fig. 2, 
the diffusion constant obtained is 210~-* cm?/sec at 
550°C. The value of a(C,—C,;) for the conditions of 
Fig. 2 is 6X 10". 

In subsequent experiments PbS crystals were treated 
at the somewhat lower temperature of 500°C. It is of 
interest to estimate the value of the diffusion constant 
and the time required for a crystal to come essentially 
to equilibrium with its vapor at this temperature. The 
results obtained using the value of the diffusion con- 
stant at 550°C and the usual equation for the tempera- 


Taste I. Estimated rate of approach to equilibrium 
at 500°C for a 2-mm thick crystal. 








D(500°) 


1.5 10~* 
0.81X10~* 
0.61X10~* 








ture dependence of the diffusion constant, 
D= Dy exp —E/RT], (5) 


are given in Table I. The lowest value assumed for Do 
is of the order of magnitude expected from elementary 
derivations.‘ The middle value is of the order of magni- 
tude of the values recently observed in metal alloys. 
The times given are those required for the concentra- 
tion change to be 99.8 percent complete in the middle 
of a 2-mm thick crystal. They are overestimated by 
the use of the one-dimensional solution of the diffusion 
equation. In the equilibrium experiments described 
subsequently diffusion is allowed to proceed for twenty 
hours. 

The effect of oxidation on the diffusion rate in 
PbS was also studied. Natural crystals 1.5 to 2.0mm 
thick with room-temperature Hall coefficients of 
R= —48.5 cm*/coulomb were used. When such crystals 
were exposed to sulfur vapor at 500°C for twenty hours 
with a sulfur reservoir temperature of 124°C, the room 
temperature values of the Hall coefficient changed to 
R=+30cm*/coulomb. If, however, the crystal was 
heated in air for fifteen minutes at 500°C and then 
exposed to sulfur vapor under the same conditions as 
above, it was unchanged beneath a surface layer about 
0.15mm thick. The heating in air itself resulted in 
a surface layer about 0.10 mm thick, beneath which the 
crystal was unchanged. The surfaces of the oxidized 
crystals were bluish in color but were less so after 
exposure to sulfur vapor. 


III. EQUILIBRIUM EXPERIMENTS 


Small natural crystals of PbS, 2mm or less thick, 
were exposed at 500°C to various fixed pressures of 
sulfur vapor for 20 hours and then quenched to room 
temperature. The apparatus used is shown in Fig. 1. 
The sulfur temperatures used ranged from 50°C to 
160°C corresponding to a range of sulfur pressures from 
3X10~-° mm Hg to 3X10-'mm Hg. A thin surface 
layer, probably formed in the quenching process, could 
be removed by grinding approximately one mil from 
each crystal face. The Hall coefficients and resistivities 
of these crystals were then measured by the standard 
dc method. The results of such measurements are sum- 
marized in Fig. 3 where the room temperature values 
of the Hall coefficient and resistivity are plotted as a 
function of the sulfur reservoir temperature. The treat- 
ment was reversible in so far that crystals could be 
changed from m to p and back to m type. As a rule, 
crystals were used only once. The reproducibility of 
the treatment was checked by running two or more 
crystals simultaneously. The electrical properties agreed 
to within 10 percent in such cases. 

The Hall coefficient and resistivity for several crystals 
treated by this method are shown as a function of tem- 
perature from — 190°C to 250°C in Fig. 4 (m type) and 


Fig. 5 (p type). The corresponding curves for two un- 


* See reference 3, p. 137. 





ELECTRICAL PROPERTIES OF PbS 





ro 
7 








R (CM*/COULOMB) 








» (OHM-CM) 





10 «12 


107 T(°K) 



































2 4 6 . 8, 
107T( K) 


Fic. 4. (a) Resistivity and (b) Hall coefficient for m-type PbS crystals as a function of temperature. 
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Fic. 5. (a) Resistivity and (b) Hall coefficient for p-type PbS crystals as a function of temperature. 
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treated synthetic crystals are also included. The curves 
labeled ‘“‘nat” in Fig. 4 are for the untreated natural 
PbS. Below 250°C, diffusion is slow enough that the 
crystals did not change composition during the course 
of the measurements as was evidenced by the reversi- 
bility of the Hall coefficient and resistivity with tem- 
perature cycling. This is not the case at higher tem- 
peratures as has been pointed out previously.® 


IV. DISCUSSION 
a. Diffusion 


Eisenmann® observed that at 600°C, four hours was 
sufficient for the electrical properties of 1-mm thick, 
synthetic PbS crystals to reach steady values. By 
assuming that the composition change was between 
70 and 99.9 percent complete at the center of these 
crystals after four hours, a corresponding range of 
10-7 to 5X10~7 cm*/sec is obtained from Eq. (2) for 
the diffusion constant at 600°C. 

The diffusion constant reported for radioactive lead 
in pressed PbS powders is 2X10~" cm?/sec at 550°C 
and 5X10~" cm?/sec at 600°C.’ The average diffusion 
constant for a p-type powder was three times as large 
as that for one that changed from p to nm type during 
the course of the diffusion. 

Synthetic crystals prepared thus far in this Labora- 
tory, both from fusion of the element and from re- 
melted natural PbS crystals, have a diffusion constant 
considerably smaller than that found for the natural 
crystals used here. The synthetic crystals remained 
unchanged except for a surface layer 0.1 mm thick or 
less when exposed to various pressures of sulfur vapor 
at 500°C for twenty hours. However, when run simul- 
taneously for four hours at 850°C, natural crystals, 
p-type synthetic crystals, and n-type synthetic crystals 
all reached essentially the same composition. 

In view of the experiments with superfically oxidized 
natural crystals mentioned above, it is possible that 
the synthetic crystals used here contain oxygen, 
probably as oxygen ions on sulfide ion sites, which 
slows the diffusion rate. Since the crystals were grown in 
sealed quartz or Vycor tubes that had to be heated over 
1120°C, the melting point of PbS, it was difficult to insure 


5 W. W. Scanlon, Phys. Rev. 92, 1573 (1953). 
*L, Eisenmann, Ann. Physik 38, 121 (1940). 
1 J. S. Anderson and J. R. Richards, J. Chem. Soc. 1946, 537. 
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an oxygen-free, water-free atmosphere. At these tem- 
peratures, PbS is unstable relative to oxidation products 
such as PbSO,, PbO, etc., at almost any partial pressure 
of oxygen® and probably is also unstable relative to 
incipient oxidation products such as mixed PbS—PbO 
crystals, which presumably would form if the oxygen 
supply were limited. 


b. Equilibrium 


As seen in Fig. 3, the Hall coefficient and resistivity 
change rapidly in the neighborhood of 104°C, and the 
scatter of experimental points is therefore more pro- 
nounced. Experiments on thin evaporated films of PbS 
in which the films were heated successively to different 
temperatures in vacuum and in sulfur atmospheres 
yield curves with similar characteristics.’ 

From the high-temperature slope of the Hall curves 
in Fig. 4, the intrinsic energy gap was calculated using 
the intrinsic Hall equation. The mean value was found 
to be 0.37+0.01 ev and is in accord with the values 
obtained from optical data, but is about one-third the 
value previously derived from Hall data.” 

The reasons for this difference have been discussed 
elsewhere® and are based upon the change of composi- 
tion of PbS at elevated temperatures. 

The impurity energy gap obtained from the low- 
temperature Hall curves for the present materials were 
0.03 ev for the n-type crystals and 0.001 ev for the 
p-type crystal. 

The Hall coefficients of the p-type crystals, Fig. 5, 
became negative at higher temperatures, indicating 
an electron to hole mobility ratio greater than one. 
From the temperatures at which the Hall coefficient 
changed sign this ratio was calculated to be 1.4. From 
the extrapolated resistivity data, the estimated room- 
temperature resistivity of intrinsic PbS is about 3 
ohm-cm. The highest value achieved in the equilibrium 
experiments was 1.3 ohm-cm. 

The resistivity in the impurity range does not show 
the effects of impurity scattering usually found in non- 
polar crystals such as germanium and silicon. Further 
details on the mobility and the theory of scattering in 
PbS will appear in a separate article. 

§ Bureau of Mines, Bulletin 406, 1937 (unpublished). 

*H. Hintenberger, Z. Physik 119, 1 (1942). 


” E. H. Putley and J. B. Arthur, Proc. Phys. Soc. (London) 
B64, 616 (1951). 
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The method of O’Rourke is used to obtain an expression for the thermal ionization rate of an impurity 
in a polar crystal. The interaction energy of the trapped electron with the optical vibrational modes is 
assumed to be linear in the nermal vibrational coordinates of the lattice. The eigenvalue equations and 
perturbation of the Born-Oppenheimer adiabatic potential method are employed, leading to a result identical 
to that of Huang and Rhys. Multiphonon transitions occur only when the configurational constant 5 #0. An 
approximaticn of simple form, for the transition rate, can be made only for low temperatures, where the 


frequency factor s is independent of temperature. 





I. INTRODUCTION 


N luminescent materials, the rate of thermal ioniza- 
tion of an impurity center containing a trapped 
electron is one of the fundamental reaction processes. 
Afterglow phenomena can in some cases be ascribed to 
the ejection of an electron from a trap into the empty 
conduction band, whence the electron returns to an 
empty luminescent center with the emission of a light 
quantum. The decay of the afterglow is determined by 
the rate of ionization P of the traps and a monomolecular 
decay of emitted light intensity is described by an 
equation of the form /=/)exp(—P). Generally the 
rate P is assumed to have the form P=s exp(—E/kT), 
where s is the frequency factor, of the same order as 
the vibrational frequency of the lattice, and £ is the 
activation energy corresponding to the depth of the 
trap below the bottom of the conduction band. It is 
recognized that calculations of E are quite insensitive to 
choice of values of s, so that from crystal to crystal one 
finds values of s ranging from 10’ to 10'® sec~'. Since 
there appears to be no way of predicting s from known 
characteristics of the crystal and impurity center, a 
better understanding of the nature of s is required. 

In the analysis of thermostimulated emission, the 
same expression for P, with s constant, is used. Randall 
and Wilkins' have shown how to calculate trap depths 
from the temperatures at which glow peaks occur. It is 
difficult to conclude whether a single glow peak is due 
to one trap species with discrete values of s and E or 
whether it is caused by a distribution of traps in depth 
or s value. Hoogenstraaten’ is of the opinion that the 
latter is more likely. 

Recently Ellickson* has discussed the effect of the 
variation of energy gap with temperature, on the rate 
of thermal ionization of traps in phosphors. His assump- 
tion that the trap depth varies to the same extent with 
temperature (E= E)—8T) is not justified, but he has 
called attention to the fact that the frequency factor is 
temperature dependent. The analysis of a first-order 
glow curve depends upon the functional dependence of 


1J. T. Randall and M. H. Wilkins, Proc. Roy. Soc. (London) 
A184, 366 (1945). 

2 W. Hoogenstraaten, J. Electrochem. Soc. 100, 356 (1953). 

+R. T. Ellickson, J. Opt. Soc. Am. 43, 196 (1953). 


s on the temperature 7. Williams and Eyring,‘ in their 
discussion of metastable levels, obtain from absolute 
rate theory, s= AT. It can be shown by modifying the 
analysis of Grossweiner,’ that the William’s form of s 
alters very little the estimated trap depths, provided 
they are not too shallow. 

Several theoretical investigations*-” have shown that 
the rate of thermal ionization of impurities in crystals 
involves a frequency factor which depends on tem- 
perature as well as upon trap depth, so that P has the 
form 

P=s(E,T) exp(—E/kT). (1) 


“xcept for the work of Huang and Rhys, these calcu- 
lations do not apply to traps in polar crystals. However, 
it will be shown that in this case Eq. (1) gives the 
general form of P and that s(£,7) decreases with 
decrease in temperature. 

In addition to determining the correct form of s(£,T) 
it is of interest to examine the problem of multiphonon 
transitions, which according to Kubo* have a high 
probability of occurring. He ascribes this to the dif- 
ference of the lattice vibrational frequencies in different 
electronic states. In the present calculation it will be 
seen that a multiphonon transition is due fundamentally 
to a different mechanism, namely, the displacement of 
the lattice normal coordinates after excitation. 

Within the approximation employed the final ex- 
pression for P reduces identically to that of Huang and 
Rhys” who have omitted all details of its derivation. 
However, in their theory of light absorption by F 
centers, they have utilized two constants, S and c, 
which we shall henceforth term the configurational 
constant and displacement constant respectively. Lax"! 
has utilized these constants in his complete treatment 
of light absorption by the use of ordered operators and 
O’Rourke" has dealt with the same problem by the use 

‘F. Williams and H. Eyring, J. Chem. Phys. 15, 289, (1947). 

°L. I. Grossweiner, J. Appl. Phys. 24, 1306 (1953). 

‘F. Méglich and R. W. Rompe, Z. Physik 115, 707 (1940). 

Goodman, Lawson, and Schiff, Phys. Rev. 71, 191 (1947) 

*D. Curie, J. phys. et radium 12, 920 (1951). 


®*R. Kubo, Phys. Rev. 86, 929 (1952). 

aoan Huang and A. Rhys, Proc. Roy. Soc. (London) A204, 406 
"M. Lax, J. Chem. Phys, 20, 1752 (1952). 
'2R. C. O'Rourke, Phys. Rev. 91, 265 (1953). 
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of the density matrix for a harmonic oscillator. It is the 
latter method, whose effectiveness and simplicity is to 
be emphasized, that is to be applied to the Huang-Rhys 
model. In addition, use is made of the “Condon” 
approximation which becomes exact when the second 
derivative of the electronic wave function with respect 
to any normal coordinate vanishes. 


Il, BASIC EQUATIONS 


Following Kubo, we treat the crystal plus impurity 
center, as a polyatomic molecule, whose Hamiltonian 
H is given by 

(2) 


where Hx is the vibratory energy of the crystal nuclei, 
H, the energy of the trapped electron, and V(r,R) the 
interaction of the electron with the nuclei. On the basis 
of the Born-Oppenheimer" adiabatic potential method, 
we seek solutions of the eigenvalue equations 


(H,+V (r,R) }i(t,R)=£.(R)¢.(t,R), (3) 
(Het E,(R) Ji n(R)= Ei, of, (R), (4) 


where E,(R) is the adiabatic potential of the /th elec- 
tronic state and n signifies a vibration state of the 
nuclei. The wave function of the system in the /th 
electronic state is thus 


Vv, a(r,R)=,(1,R)f, »(R). 


The perturbation on the system for a process such as 
thermal ionization, is determined from the approximate 
nature of the wave function (5) and is given by 


HV, n= Ards, a— oil £1, ne 


H=Hyt+H,+V(1,R), 


(5) 


(6) 


Treating the lattice as a continuum and considering the 
vibratory motion of the nuclei as lattice waves, the 
Hamiltonian Hz becomes 


N 
Hr=} 2 (af +erG/), (7) 


where q; is the normal lattice coordinate, w the angular 
frequency of vibration, and N the total number of unit 
cells in the crystal. Since it is generally assumed that 
the electron interaction with the optical modes is pre- 
dominant, w is approximately constant for all modes of 
vibration in the optical branch. By substituting the 
corresponding operator in (6), there results 


N /8¢:(r,R) Of; 5 
H.-W E( if ) $1, ) 
8g; 94; 


i 
h? Nn 0, (r, R) 


: $1, n(R). (8) 
i Og; 


% M. Born and F. Oppenheimer, Ann. Physik 84, 457 (1927). 
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From time-dependent perturbation theory, the transi- 
tion probability from the state (/,n’) to a final state 
(k,n’’) in the conduction band is 


+a 
wo(lyn!—sh,n"”) = (20 /h) f (Ex)| (kn!”| H|yn')|2 


KO(E, av Ey, n’)GE,, (9) 


where p(Z;,) is the state density of the electronic state 
in the conduction band, and the matrix element is 
defined as 


(k,n!"| H’\1,n!)= f Vin *H'W, vdtdR. (10) 


Thus the total transition probability P is found by 
averaging (9) over all the initial lattice states n’ and 
summing over all the final n”’: 


P= (2u/h) fps) pul (hyn \bn') 


5 (Ex,n— En )dEx, (11) 


where the weighting factor p,, is given by 
bu =(Low exp(— Ey, w/kT) J exp(—Ei,n/kT), (12) 


and the quantities Z,,, and E,,,” are the energies of 
the system in the initial and final states, respectively. 

The thermal ionization rate is found by evaluating 
expression (11). To this end we shall follow the notation 
and procedure of O’Rourke. The initial and final state 
wave functions of the system are 


Wi, we =Gi(8,R) °F,» (R), 
WV, n= 2 exp(ik-r) + fi, a(R), (13) 


with the vibrational wave function expressed as a 
product of N harmonic oscillator wave functions, 


N N 
f1,n(R) =I Xnj'(9/') =I |1,n;'), 
(14) 
N N 
Fe, w(R)=TT Xnj(9s") =I |b"). 


The primes on the coordinates indicate that the normal 
coordinates for each electronic state are modified by 
the coupling constants A,;' and A} for the initial and 


final states as follows: 
qi =9;—N-tw"A j'=95—c;', 
i = 4 j (15) 
qi =qj—N-Ww'7A f= qj—c;". 


It is assumed that the electronic wave function in the 
free state is a plane wave independent of the lattice 
coordinates, and is normalized by the introduction of 
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the crystal volume {. For the present the analytical 
form of the electronic function for the ground state 
remains unspecified. 

The form of the wave function for a simple harmonic 
oscillator is given by 


Xnj(qi)= ( ©) carn ie of (;) ] 
cot of), 00 


where the variable g; and the angular frequency w cor- 
respond to the appropriate electronic state. The con- 
nection between the initial state frequency w’ and the 
final state frequency w’’ is expressed by the phe- 
nomenological constant p such that (w’’—w’) = pw’. 

In addition, the system energy is required for each of 
the two electronic states under consideration; these 
become 

h?k? 


Ey, =——— 


N te i)? 
+3 (nf"+4) ha", 


(17) 

+S (n+ ha, 
where (h?k?/2m*) and —£, are the electron energies in 
the conduction band (with m* the effective electron 
mass) and in the trapped state, respectively, in the 


absence of electron interaction with the lattice vibra- 
tional modes. 


Evaluation of Transition Probability 


It is convenient to express Eq. (11) in a different 
manner, by the introduction of the integral representa- 
tion for the Dirac delta function 


4-06 
i(6)= (1/28) [— dtexplite/t), 
so that P becomes fos 
+00 
p= (1/h) f p(E,)P’dE,, 
with ay 
+0 
p= f dt exp (itw,, 1)Gx, i(0), 


Gil) = pe ; pn: | (k,n"’| H’|Ln’)|? 
N 
XexpLit L (mj’+4)w"” — (nj'+4)o"), 
? 


hun, = (Wk? /2m*) + Ei*, 


1 
Bf =Ey-—S[(AP/e™—(Aj)?/o), 
2N i 
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Since the weight factor (12) may be written" as the 
product of the Boltzmann factors for each oscillator we 
have 


N 
=II 2 sinh(6’/2) exp{ — (mj’+4)6’}, 
1 


with B= (hw’/kT), then the function G,, ;(¢) becomes 
Gii(= ¥ 2 sinh(6’/2) exp[— (n,j’+4)adj'] 


Xexpl— (mj"+4)uj"]| (hyn | A'|Ln’)|*, (21) 


with Aj’ =iw't+9’ and y,j’’= —iw”’t. From Eq. (8) we 
obtain for the matrix element of the perturbation due 
to the ith vibrational mode: 


(kyn”’| 7, |1,n’) 


os J fawt(R")| = J ox*(r,R”) 


Agi(1,R’) | ie n! 
* ar 
0qi 


(R’)dR 





0g; 


+ f tawtcRy| —— J o*(r,R”) 


0, (1, R’ 
— ir) Fw RAR, (22) 


Within our approximation slain is independent of 
the lattice coordinates, and we can apply the “Condon” 
approximation if the first derivative of the ground-state 
electronic wave function varies slowly with lattice 
coordinates R. Under this condition the second term on 
the right-hand side may be ignored since 0°¢,(r,R’)/dq7 
is approximately zero, and Eq. (22) becomes 


Fr w(R ’) 


(k,n! | Hi! \Ln’)=M Ab) fs. WLR") -— dR, 


where 


0g: 


r.R’ 
M ,(k, p=—Wf o.* (8 mn — i, lr. 


Substituting the vibrational wave aa (14), 
squaring the modulus and the summing over all vibra- 
tional modes, we obtain 

| (kym!”| "| 1,n")|? 

2 


a] 
qe") —-Xn i’(qi)dqi 
aq: 


2 


ff", Xnj"(qi")Xnj'(q,') dq; 


x 


(23) 


a | 
ni" = In)) TI] (n/"|n/ 
0g: ivi 


“J. Mayer and M. Goeppert-Mayer, Statistical Mechanics 
(John Wiley and Sons, Inc., New York, 1940). 
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the quantity required in expression (21), which may be The procedure followed by both Kubo and O’Rourke in 
simplified to evaluating the matrix elements in H; and G;, was to 


make use of the Slater sum, 
Gi, (t= F/M aCe) Il Gj, (24) 


imi wo e (nthe 


where p(x a’ | t)= Zz iy (x)H,(x«’) exp{— } (x?-+-%")} 


n= t-2 


0 2 
Ay= > (n." “ n;’ )| 2 sinh(@’/2) = (2x sinht)-? exp{ —3[(x+2’)? 


ni’! ni qi 
Kexp{—(m/+4)Ai} exp{—(mi"+4)ui"), X tanh (4g)+ (s—2/)? coth(48) )), 


G)= > | (nj/"|nj’)|? 2 sinh(@"/2) where H,(x) are the Hermite polynomials. By the use 
nj’? nj! of the vibrational wave function (16), it is easily seen 
Kexp{ — (mj'+4)dj} exp{—(j"+4)u/"}. that 











a” exp — (nj+4)u, ‘Ja’ expl- (n;'+4)dj'] 

Gy=2sinh(B'/2) oo —. Toda a or f is dqjdq; 
nj’? sn qrt2”i’ ! qr Qi 

% Hn j'"(a"g 5") Hn j"(a""Q;'") expt — ba’? (qj? + 0)") lle j(a’q;')Hnj'(a’G;’) exp{ — }a’?(qj+9;)} 


2a‘a’" sinh (A’/2) J, f dq 74 jp ("gj ee!"G;"" | w;")p(a'q;' a'G;'|dJ') 


au 


= a sinh(6’/2)[sinhd,’ sinhy;” | f fev exp{—4(9;"+4;')"a’” tanh(}u;”) 


+ (9i"—4/"ra!” coth(3u;") }} exp{—3L (qi +4,')a”? tanh(5dj') + (9;'— 9;’)a” coth(}r,;’) J}, 


where a!" =w"/h and a’ =w'/h. The integral'® occurring in the above expression has already been evaluated by 
O’Rourke so that it reduces to 


ou“ 
Gj= -_ sinh(6’/2)[sinhd,’ sinhy ;” }-#27(A70,7)—4 exp[ —a’a’*(c;—¢;/")?/27 |---, (25) 
T 
27=a' coth(}u/")+a’” coth(}d,’), 27=a’ coth(4u;”)+a’ coth(4a,'), 
A?=a' tanh(4u,”)+a’ tanh(4,,’), Aj/=a’? tanh(4u,;”)+a’” tanh(3A,’). 


The last-defined quantity A? occurs in the evaluation of H; which may be carried out in the same manner. 





a” exp[— (m+ 9)u") a’ exp[—(n ae Fa Sf ok 


mh" 1) (xt2"'n / 


H ,;=2 sinh(p’/2) Me 


x Hng(al'g Hn" ("GQ") expt ~ha9s"49."))— = *(a'g;) Hn (a'q,’) exp{ — }a?(qi?+-9,)} 
qi i 


00d 
2a'a"’ sinh(p’/2) f J dq id ina gea"46" |i") el ak DALE 


qi 0"; 


I 3 


sinh(6’/2)[sinhd,’ sinhu rf f dq dq, exp{ —3((¢i"+4,'")"a’”? tanh (}u,””) 
T 


04 
+a!7(q,"— 4." aeaeke —- exp{—4L(9i'+4,’)'a” tanh(},’) +a(q:’— 9,’)? coth(3d,’) }}. 


16 Q’Rourke’s evaluation of G; is slightly in error. In his expression the exponent of the exponential contains Q/ rather than 0. 
This does not affect his final result, however. 
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After evaluating the integral, we obtain 
A= (a’e’")*[sinhd /’ sinhy A 207}! 
X((1—p)~? sinha ,’+ (1—p)! sinhu,’” JG; 
+[(a’a’)*/A202](Ai/2,)*(c'—¢/")Gi, (26) 


where the G, are the functions defined in Eq. (25). 
Thus for Eq. (24) we obtain for the product: 


H; I1G,= 


ji 


X{(1—p)~! sinha ’+ (1—p)! sinhy ;’”} 


[ oe” tsintn / sinhy;”A?2?}- 


(a ‘a!")4 


+ (- ) Glove e|I1G,= K, IIe, 


When the displacement constants c,’ and c,”’ are put 
equal to zero, H; reduces to the form obtained by 
Kubo. In the evaluation of K ;, we shall neglect p which 
enters as O(N-'). The second term in K,; may be 
neglected in comparison with the first since the c’s 
are O(N~') and the first term is proportional to the 
angular frequency. Thus using the relation 


[sinh),’ sinhy A 20,7] = 4a"a’” sinh’ 3 (A;’+4,”) J, 


(27) 


we obtain 


(1—p) 


Ki=}a'a’"\ ~ 


sinha + (1—p)! sinhy,” 
sinh’[}(A,/+n,”) ] 
WwW 

~—[coth(6’/2)+1 Je’! 
4h 





U 


+—Leoth(s"/2)—1]}e-™", (28) 
4h 


O’Rourke has approximated the second factor in (27) 
by neglecting terms O(V~*) under summation, so that 


N 
II G;=exp{—S coth(6’/2)} 
Xexp{ —iw’tB coth(p’/2) 


+S csch(A’/2) cos(w't—@)}, (29) 


N 
S=¥ falc" —c.!), 
i=] 
cos@= cosh(6’/2). 


sin@=i sinh(s’/2), 
Thus from Eqs. (19), (24), (27), and (28) we obtain, 
after dropping primes on the frequency factors, 


B=4Np, 


w B 
P’=— >>| M (k,l) |? ex |-s coth| 
ne’ 1) |? exp : 


X[{coth(8/2)+1}J_+{coth(8/2)—1}J,], (30) 
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with the integrals J. and J, given by 


+0 Wet 
t= f dt exp| —iat( B coth(9/2)41-—~") 


ions w 


+.§ csch(8/2) cos(wt—¢) 
2r 
“— rr > sy 2), 


2 
- f dx 
p= 0 


Xexp{i(y¥ 1)x+S csch(8/2) cosx}, 
where the dimensionless quantity 


y= (wery/w)— B coth(}p), 


may have any integral value p, with the result that the 
integrals may be expressed in terms of the modified 
Bessel functions. 


2r 
I,(z)= (anf dx exp{iyx+z cosx}. 
0 


Using the defining relationships for @ given in (29) we 
a expLi(y+1)¢]=exp[—4(y+1)8], 
so that 
[coth(8/2)+1 ] exp[i(y+1)¢] 

=2(&— 1)" exp[—}(y—1)8]. 
Consequently expression ?’ may be simplified to 


e iu-ls 
p=” | M (k,l) ye Or eae. 


xP 5(y— p| ma S esc) + ( S ext) 


Inserting the quantity P’ in Eq. (18), we finally obtain 
the total rate of thermal ionization P: 


r= (e- 1) exp{-—S coth(@/2)} 


ef” |M; (k,l) |? 'p(E,)dE,e~ §(y-D)6 


+0 B B 
XE 5-p) fo Sesh )+n. 1( ssc -)| (31) 


Integration over the electronic states E,, in the con- 
duction band, may be replaced by integration over the 
variable y, by employing the defining relationship for y, 


y= (wei/w) — B coth(}8). 
Thus, 


herp, = (h2h2/2m*) + Ej* = yhoo+ Bhw coth(8/2), (32) 
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and hence 
dE, = huwdy, 


p(Ex) = (40m*/h?)k= (40m*/h*)(2m*w/h)*(y— yo), 


where 
yo= (E,*/hw)— B coth(8/2). 


Since we are interested only in those values of y which 
correspond to transitions to the conduction band, then 
y must have a minimum positive integral value larger 
than or equal to yo, which may or may not be integral. 
Since thermal ionization implies a transition to any one 
of the states in the conduction band, the rate of thermal 
ionization must be the sum of all such transition prob- 
abilities as is given by expression (31). If we now make 
the Huang-Rhys assumption (contrary to Kubo) that 
the electronic matrix element M ,(k,l) is an insensitive 
function of k (or y, which increases by unit steps), then 
it may be removed from under the sign of integration. 
Thus we put k=0 in M,(k,/). This procedure is valid 
if the wavelength (1/k) is large compared with the 
electron orbit of the ground state. With this approxi- 
mation, the rate of thermal ionization may be written, 


P= A(@&—1)“e¥-exp[—S coth(6/2) ] 


XE (pyr tlps], (33) 


p>vo 
where 


A= 
hh 


mw 40Qm* 4 2m*o\ ! 
-———(—) Eiaonr. 


The expression for P is identical with the result, ex- 
pressed in different notation, of Huang and Rhys who 
employed a different method of derivation. A further 
approximation may be made by replacing the sum- 
mation by an integration over the order p of the Bessel 
functions, the lower limit of integration being yo. As 
yet, however, the integral has not been evaluated. A 
different approach may be followed by putting in the 
summation p= po+m where po and m are integral. The 
minimum value of p is then po, so that (po—yo)=6 
where 0<6 <1. Equation (33) becomes 


P= A(e—1)~e¥-exp[—S coth(8/2) Je” 
YX (m+6) et po4+-m4+2+T po+m]. (34) 
mot 


In evaluating the terms in the summation it is con- 
venient to use the series expansion for the modified 
Bessel function. 


_ @hy ; 
l'(p+1) 


(x/2)? (x/2)' 
1N(p+1) 2N(p-+1)(p+2) 
—_— 
31(p-+1)(p-+2)(p+3) 


where I’ is the gamma function. 





T,(x) 
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Ill. DISCUSSION 


Since the argument of the Bessel functions occurring 
in the final expression (33) for P is proportional to the 
configurational constant S, the functions will have 
nonzero values for all finite integral values of p, greater 
than yo, provided § is not zero. Thus, multiphonon 
transitions occur when the displacement constants c,’’ 
and c,’, for the final and initial states differ for each 
vibrational mode. A nonzero value of S corresponds 
physically to a displacement of the adiabatic potential 
minimum in configuration space, or to a change in the 
electron-lattice interaction with excitation. On the 
other hand, if S is zero, only a single-phonon transition 
is possible in spite of the fact that the lattice vibrational 
frequency changes on excitation.. This is easily seen 
as follows. When S=0, the Bessel functions, and con- 
sequently the ionization rate P, reduce to zero except 
when is unity, in which case only a single-phonon 
transition is possible, since from Eq. (32) we have for 
y=1, 


E*= hwo+ Bhw coth(B/2)— (h?k/2m*), (35) 


where k’ corresponds to the electronic state in the con- 
duction band, to which the transition has occurred. For 
such a transition there is a range of permissible values 
for E,*, its maximum value corresponding to a minimum 
possible value for k’. Thus its maximum value is ap- 
proximately 


(E;*) max™~ho-+ Bh coth (8/2). (36) 


It may be remarked at this point that the approxima- 
tion made in the formal theory of neglecting the second 
term in Eq. (26) has no effect on the preceding argu- 
ment, since when S=7, the definition of S given by Eq. 
(29) implies that c,’’=c,’, so that the second term in 
Eq. (26) becomes identically zero. Returning now to 
Eq. (35) it would appear that when B coth (8/2)>1, 
single phonon transitions would take place from elec- 
tronic levels (E,*) having depths greater than 2hw. 
However, this argument is not as yet conclusive since 
the magnitude of the phenomenological constant B is 
not known. We would expect intuitively that as E,* 
increases, so does B, with the result that for very shallow 
trap depths, B is also very small. Some idea, as to the 
magnitude of B may be obtained by comparing the 
theories of O’Rourke, and Huang and Rhys. The 
frequency of light absorbed corresponding to a transi- 
tion from an initial state a to a final state d is given by 


hy= hex, o+ phw— Bhw coth(8/2), (O’Rourke) 
hv= hor, a+ phwo+ B’ (i+-4), (Huang and Rhus) 


where n= (e®—1)". 
Thus the relation between O’Rourke’s constant B 
and the Huang-Rhys constant B’ is expressed by 


B= (—B’/2hw). 
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On comparing their theoretical result, with Pohl’s data 
on light absorption by F centers in KBr crystals, Huang 
and Rhys deduce that B’= —0.1 ev, so that we would 
conclude that O’Rourke’s dimensionless quantity B 
would be about unity for this particular case. Thus for 
the case of ionization of shallow traps we would expect 
B to be much less than unity, with the result that 
only at very high temperatures will the condition 
B coth(6/2)>1, be obtained. We may conclude that 
the condition 50 is the more fundamental] reason for 
multiphonon transitions, being contrary to the con- 
clusion of Kubo that a change in lattice vibrational 
frequencies (B #0) leads to an appreciable probability 
for a multiphonon transition. 

In view of the series expansion for 7,(S csch§/2), it 
is possible to simplify the expressions (33) or (34) 
subject to the condition 


[4S csch (8/2) PK po, 


since in this case we need retain only the leading term 
of the series expansion, and Bessel functions of higher 
order in the summation may be neglected. Expression 
(34) for P, then yields 


AS?0-1§3 
a Qro-iy" (po) 


(&—1)~e#-exp[—S coth(8/2) ] 
-¢~ [sinh (8/2) 1. 


The temperature range for which Eq. (37) is valid is 
determined by the values of S and fo, and hence by the 
nature of the impurity center. Calculations, which will 
be presented at a later time, indicate that, for inter- 
stitials in the cubic form of zinc sulfide, S=1.2, 
A=2.66X10" and po=12 at 300°K (for BO). These 
values were obtained on the basis of the Simpson'® 
model for interstitials. The value for S is reasonable 
since it is less than the value S= 16 obtained by Huang 
and Rhys for excitation of F centers in NaCl. Here S 
must be smaller since the electronic wave function is 
more diffuse and the effective ionic charge is less. Since 


(37) 


16 J. H. Simpson, Proc. Roy. Soc. (London) A197, 269 (1949) 
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the condition for the validity of Eq. (37) may be ex- 
pressed as 


S?<4 po sinh?(8/2) 
<4[ (E;*/hw)— B coth(8/2)] sinh?(8/2). (38) 


Equation (37) is valid up to 300°K where(@/2)= 1.03 
corresponding to w=6.28X10" sec-' and where a 
maximum error of 10 percent occurs. Since Eq. (37) 
can be expressed in the form of a frequency factor 
s(E*,T) times a Boltzmann factor exp(— p08), typical 
values of s(E*,T) are s(E*, 300°K)=2.5X10* sec, 
s(E*, 75°) = 10° sec which are of the correct order 
of magnitude for values obtained from glow curve and 
phosphorescent decay measurements on zinc sulfide. 
However, it is seen that the frequency factor decreases 
with decrease in temperature, at high temperatures and 
remains constant at low temperature. 

If 8 is large Eqs. (34) or (37) may be further sim- 
plified to 


P=s(E*) exp(— pub), (39) 


5(E*) = Ae 8S-1§3/T (po). 


where 


For interstitials in zinc sulfide, Eq. (39) holds quite 
well up to 300°K where it is less than the correct value 
by approximately a factor of 10. Low-temperature 
measurements on phosphorescent decay times should 
lead to an estimate of the important factor S. We have 
been unable to simplify Eq. (33) or Eq. (34) for high 
temperatures. 
IV. CONCLUSIONS 


The method of O’Rourke leads in a straightforward 
manner to the expression obtained by Huang and Rhys, 
for the thermal rate of ionization of impurities in polar 
crystals. The use of the integral representation for the 
Dirac delta function is equivalent to the use of Kubo’s 
generating function. The results indicate that the fre- 
quency factor depends both on temperature and trap 
depth. 

The writer would like to express his thanks to Dr. 
J. Fajans for having initially suggested the investigation 
of the problem. 
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The diffusion coefficient of cadmium, indium, and tin tracers in single crystals of pure silver has been meas- 
ured as a function of temperature over the range 592-937°C. The activation energies and frequency factors 
were determined, yielding D=0.44 exp(—41 700/RT) for the cadmium tracer, D=0.41 exp(—40 630/RT) 
for indium, and D=0.25 exp(—39 300/RT) cm?/sec for tin, These values are in marked disagreement with 
the older data. The results of the present work are discussed in terms of Lazarus’ theory and Zener’s theory. 
Both theories give fair agreement with the experimental data. 





INTRODUCTION 


T has long been noted that the activation energy for 
chemical diffusion, i.e., the diffusion of impurities, is 
often exceedingly smaller than that for self-diffusion in 
the matrix metal.’ A similar difference is seen in the 
values of the frequency factor. Theoretical efforts have 
been made in the past either to explain this effect'? or to 
suggest the re-examination of the experimental re- 
sults.*~* The latter approach finds more justification in 
view of the questionable accuracy of much of the old 
data.® In the first place, in most of the old experiments 
there was a concentration gradient which was not 
negligible and hence could have caused large unidirec- 
tional currents of imperfections as are seen in Kirkendall 
effect. Secondly, most of the experiments were carried 
out on polycrystalline specimens. As was shown by 
Fisher,’ Hoffman and Turnbull,* Slifkin, Lazarus, and 
Tomizuka,’ and Wajda," diffusion along grain bound- 
aries can mask the volume diffusion, especially at low 
temperatures. Moreover, the availability in recent years 
of radioactive isotopes of high specific activity has made 
it possible to obtain considerably greater accuracy in 
diffusion measurements than previously. 

It thus seems evident that the redetermination of the 
activation energies and the frequency factors for chem- 
ical diffusion is necessary. The work reported here 
satisfies the following conditions: (1) Experiments were 


* Supported in part by the U. S. Atomic Energy Commission. 
¢ Based on a thesis submitted by C. T. Tomizuka to the Uni- 
versity of Illinois in partial fulfillment of requirements for the 
degree of Doctor of Philosophy in Physics. 
Present address: Department of Physics, University of 
Minnesota, Minneapolis, Minnesota. 
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carried out on a pure metal and with an extremely dilute 
solute concentration, by the use of high specific activity 
radioisotopes. (2) Carefully grown single crystals were 
employed. (3) A monovalent face-centered cubic metal 
was chosen for the matrix crystal for ease of theoretical 
treatment. (4) The elements to be diffused into the metal 
were chosen in a systematic manner, as those neigh- 
boring the matrix metal in the periodic table. (5) 
Isotopes of long half-life were used to minimize errors. 
Silver is seen to be quite convenient as a solvent metal. 
In addition to the availability of high-purity silver, 
self-diffusion in pure silver has been studied by three 
independent groups of investigators**"! with satis- 
factory agreement in their results. Moreover, the neigh- 
boring elements, cadmium, indium, tin, etc., have 
isotopes of long half-life. 

It is hoped that the present determination of the 
activation energy and the frequency factor as a function 
of the atomic number of the diffusing elements will be 
significant in re-appraising the existing theories and will 
contribute to an adequate understanding of the mecha- 
nisms involved in diffusion in metals. The results of the 
first stage of this general program of investigation have 
been reported previously.” 


EXPERIMENTAL 


Specimens were prepared from Handy and Harmon 
silver of 99.99 percent purity. Single crystals were grown 
in high-purity graphite crucibles in a vacuum furnace 
with a temperature gradient." Crystals thus grown were 
etched, cast in plaster, cut into the form of short 
cylinders, polished mechanically and electrolytically, 
and annealed to remove any residual strains. They were 
then etched again to ascertain their monocrystallinity. 
Acceptable specimens were electroplated on their ends 
with high specific activity processed radio-isotopes ob- 
tained from Oak Ridge National Laboratory. The 
following plating baths were found to be practical: 
cadmium-115 (available as a nitrate in acid solution): 


( 4 W. A. Johnson, Trans. Am. Inst. Mining Met. Engrs. 143, 107 
1941). 

2 Sonder, Slifkin, and Tomizuka, Phys. Rev. 93, 970 (1954); 
Slifkin, Lazarus, and Tomizuka, J. Appl. Phys. 23, 1405 (1952). 
( 3D. Lazarus and D. R. Chipman, Rev. Sci. Instr. 22, 211 

1951). 
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Cd(NOs)2 radioactive, 0.005N ; KOH, to make the bath 
slightly basic (pH 9-10); KCN, 1.5N; with a cadmium 
anode. Indium-114 (available as an irradiated unit or as 
a chloride in acid solution): In2(SO,)3 radioactive, 
0.01N; Na2SO,, 0.1N; with an indium and platinum 
anode. Tin-113 (available as a chloride in acid solution) : 
SnCl, radioactive, 0.004V; NaHC,H,Og, 12N; NaOH, 
0.004N ; with a zinc anode. A cyanide bath similar to the 
cadmium plating bath was initially employed for the 
plating of indium but was discontinued after three 
specimens were plated due to the instability of the 
solution. The current density ranged between 8 and 40 
ma/dm? and the estimated thickness of the plated layer 
ranged from 10 A to 100 A. 

Electroplated specimens were sealed off in evacuated 
Vycor tubes and placed in controlled furnaces. Furnaces 
operating at temperatures below 700°C were controlled 
by an ac resistance bridge with a platinum winding as 
one arm. To stabilize the operation of the controllers, a 
motor-driven switch was inserted to cut off the plate 
voltage of the thyratron momentarily every one-half 
minute to quench the arc. The furnaces operating at 
temperatures above 700°C were controlled by Tag 
Celectrays. In either case the temperature at the speci- 
men was held constant within +0.5°C over the entire 
period of diffusion anneal which ranged from several 
hours to three months, depending on the temperature. 

Sectioning was performed on a precision lathe with a 
specially designed chuck which permitted a wide adjust- 
ment of the specimen orientation relative to the lathe 
axis. In order to eliminate effects of surface diffusion, a 
thickness of approximately 6(D/)! was removed from 
the side before sectioning, where D is the estimated 
diffusion coefficient and / the time of anneal. In section- 
ing, the thickness of each cut varied from one-half mil 
to a few mils depending on the depth of penetration of 
the diffused isotope. The zero setting of the dial indi- 
cator used in the measurement of depth was determined 
by electrically insulating the cutting tool and de- 
termining the point of electrical contact between the 
tool and the surface of the specimen. 

Each cut from a specimen was assayed by an immer- 
sion-type beta counter (N. Wood Counterlab type B, 
wall thickness 30 mg/cm’). The counting vessel con- 
sisted of a graduated cylinder, a Teflon adaptor at the 
bottom of the cylinder which served to expel radioactive 
acid solution from the dead portion of the counter and to 
hold the bottom tip of the counter tightly, and a Lucite 
ring at the open end of the cylinder for the centering of 
the counter. There were markers on the cylinder, the 
Teflon adapter and the counter, and adjustments were 
made before each counting so that the markers all 
coincided. These precautions were employed to insure 
reproducibility of the counting geometry. In order to 
eliminate possible differences in the absorption caused 
by the variation in the density of the solution from one 
cut to the other, 10-mil silver wire of commercial purity 
was added to normalize the density. The assaying of the 
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specimens with Sn" isotope was started at least two 
days after the specimen was taken out of the furnace so 
that no part of the diffusion of its radioactive daughter 
In" (1.7 hours half-life) was measured. 

To determine the distance accurately, weights of all 
cuts except the first one at the original surface were 
added and the mass equivalent of distance was calcu- 
lated by assuming that the over-all dial-gauge reading 
of the distance between the front face of the second cut 
and the end of the last cut was correct. This factor was 
used to recalculate the center of each cut, including the 
first. The dial-gauge reading of the depth of the first cut 
is less reliable because the surface of the specimen is not 
ideally flat and the point of electrical contact does not 
always coincide with the zero-point of mechanical 
cutting. 

The above procedure was repeated throughout the 
entire series of experiments except for one case, diffusion 
of In at 613°C, where the sectioning was performed" on 
a specially designed precision grinding machine." 


RESULTS 


A total of 18 diffusion runs were performed, six on 
each diffusing element, covering the temperature range 
592-937°C. Results plotted in Figs. 1-3 show that the 
specific activity of cuts falls off exponentially as the 
square of the penetration depth. This fact, as well as the 
observations of the results of etching the remainders of 
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Fic. 1, Penetration curves for diffusion of Cd in Ag. See Table I 
for the scaling factors for the distance. 


“ Cooperation of Dr. H. Letaw, Jr., is gratefully acknowledged. 
6 Letaw, Slifkin, and Portnoy, Phys. Rev. 93, 892 (1954); also 
Rev. Sci. Instr. (to be published). 
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Fic. 2. Penetration curves for diffusion of In in Ag. See Table II 
for the scaling factors. 


the specimens, indicates that there was no observable 
grain-boundary diffusion taking place due to an acci- 
dental recrystallization during the diffusion anneal. 
Diffusion coefficients obtained from the penetration 
curves, temperatures, scaling factors for all the plots in 
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Fic, 3. Penetration curves for diffusion of Sn in Ag. See Table ITI 
for the scaling factors. 
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Taste I. Diffusion of cadmium in silver. 








Time 


Unit of (depth)* Temperature 
(cm?) (deg C) (sec) 


D 
(cm*/sec) 
1.28 10-* 
4.18X10-° 
6.74 10-" 
3.25X10-” 
6.06X 10-" 
1.25xX10™ 


Curve 





6.39 X 104 
1.25 10° 
3.97 X 108 
6.59 10° 
9.47 X 10° 
7.06 X 10° 


2.00 10-* 
1.29 10-* 
6.45X 10-4 
3.87 10-4 
1.29 10~* 
2.15 10~4 


936.8 
862.5 
758.8 
724.0 
651.7 
592.3 








Figs. 1-3, and the time of diffusion anneal are given in 
Tables I-III. Figure 4 represents the data plotted as 
logD versus 1/T, where T is the absolute temperature. 
The best least-squares straight lines are given by the 
equations 

Dea=0.44 exp(—41 700/RT), 


Di, =0.41 exp(—40 630/RT), 
Dgn=0.25 exp(—39 300/RT), 


where the subscripts on D indicate the solute and R is 
the gas constant. Also shown in Fig. 4 are the results of 
self-diffusion’ and diffusion of antimony in silver" which 
are given by the equations 


Doeit= 9.724 exp(—45 500/RT), 
and 
Dsp=0.169 exp(—38 320/RT). 


These data and the results of the present measurements 
are tabulated in Table IV where all Do’s are normalized 
for the mass number 110 by multiplying by the factor 
(mass of isotope/110)!, thus eliminating the difference 
in jump frequencies due to different isotope masses. 

The activation energy H is plotted as a function of the 
atomic number (i.e., excess valence Z) in Fig. 5. If the 
value for self-diffusion is excluded, the activation 
energies are described by the expression: H (in kcal/mole) 
=42.8—1.13 Z, 

Each diffusion coefficient is accurate to about +2 
percent. This precision, the number of measurements 
and the temperature range determine the activation 
energy H and the frequency factor Do, approximately 
within +0.5 percent and +10 percent, respectively. 


DISCUSSION OF THE RESULTS 


The present results differ radically from the earlier 
measurements made on the same system by Seith and 
Peretti. These workers reported the activation energy 


TABLE II. Diffusion of indium in silver. 








Time 


D 
(sec) (cm?/sec) 


1.73X10-* 
5.89X 10 
8.95 10-” 
3.85 10-" 
1.30 10-" 
3.44X10™ 


Unit of (depth)? Temperature 
Curve (cm?) (deg C) 





4.17 104 
8.64 104 
2.36 X 10° 
6.05 X 105 
1.36 X 10° 
3.14X 108 


936.0 
860.8 
760.0 
715.8 
661.3 
612.7 


6.45X10™ 
1.94X10~* 
6.45 X 10~¢ 
6.45 X 10 
3.23 10~ 
2.67X 10-5 











DIFFUSION OF Cd, 


TABLE ITI. Diffusion of tin in silver. 








Time 


Unit of (depth)? Temperature 
(cm*) (deg C) (sec) 


D 
(cm?/sec) 
1.97 10-8 
6.20 107* 
1.50 10-* 
5.51 10-" 
1.51X10-" 
2.97XK10™" 


Curve 





1.29 10-3 
6.45 X 10-4 
5.00 X 10~* 
6.45 10~4 
2.58 1074 
2.58 10~ 


937.0 
860.8 
776.0 
722.0 
666.3 
592.3 


3.96 X 104 
9.36 X 104 
2.21 108 
5.83 X 105 
1.21 10° 
4.75X 10° 








to be 22.35, 24.4, and 21.4 kcal/mole and Do to be 
4.9% 10-5, 7.3X10-°, and 7.8X10-* cm?/sec for the 
diffusion in silver of cadmium, indium, and tin, re- 
spectively. In the present work the extreme difference in 
activation energy and the frequency factor between 
self-diffusion and chemical diffusion is considerably 
reduced. The discrepancy between the present results 
and the older ones cannot be solely due to the existence 
of grain-boundary diffusion in the old measurements, 
since the recent determination of the diffusion of 
antimony in polycrystals of silver'* agrees with measure- 
ments on single crystals except for temperatures below 
600°C, where the effect of grain boundaries becomes 
significant. The existence of still some other short- 
circuiting paths, as suggested by Zener’ and Nowick,* to 
explain the low values of the activation energy in the old 
data seems unwarranted, since in the high-temperature 
region of the range of measurement the old values of the 
diffusion coefficient are substantially less than the 
corresponding values given by the present work. It is 
possible that the discrepancy was caused by the presence 
of an appreciable concentration gradient, since the old 
measurements involved the use of a diffusion couple 
which consisted of a 2 percent alloy and a pure silver 
crystal. It is not obvious, however, that the discrepancy 
is explainable by the flow of unidirectional vacancy 
currents alone. The possible variation of the diffusion 
coefficient along the diffusing path, the Kirkendall shift, 
and the lack of more accurate means of measurement all 
combined together could very likely have been the 
reason for the disagreement. Examination of the old 
data reveals that some of the plots of logD versus 1/T 
were not linear but possessed a knee which would subject 
the accuracy of the measurement itself to some question. 

In the light of the present results, it seems imperative 
that most of the existing data on chemical diffusion 


TABLE IV. Diffusion in silver. 








Frequency 
factor 


Experi- 


mental Screen- 


activation (nor- ingcon- Ds, calcu- 
energy malized) Do, Zener H, Nowick stant lated from 
Isotope (cal/mole) (cm?/sec) (cm*/sec) (cal/mole) @(1/A) @, (cm*/sec) 


wAg"® 45500 0.724 0.724 44900 = 1.725* 
wCd"§ 41700 0454 0.462 41720 = 1.55 
win 40630 0416 0416 40770 = 1.67 
soSn' §=39300 806.255 0.364 40370 1.70 
uSb™ 38320 0.179 0.331 401600 1.74 





0.39 
0.28 
0.22 
0.16 








*N. F. Mott, Proc. Cambridge Phil. Soc. 32, 281 (1936). 
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Fic. 4. Diffusion data plotted as logD versus 1/T. 


which show substantial differences in their values of H 
and Do as compared with the values for self-diffusion be 
re-examined as a basis for theoretical considerations on 
chemical diffusion at extremely dilute concentrations. 
Before accepted, these measurements should be repeated 
by using high-specific activity radio-isotopes at ex- 
tremely low solute concentrations and negligible concen- 
tration gradients. 
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It is obvious that there are significant differences in 
the rate of diffusion of the various solute atoms and that 
of the solvent. Speculation by LeClaire® that these 
differences would vanish at sufficiently small solute 
concentrations seems to be unfounded. The solute 
concentrations in the present work were of the order of 
10~* to 10-* which is within the range of purity of the 
99.99 percent silver used in the experiment. This estima- 
tion is based on the thickness of the plated layer and the 
penetration distance. 

The comparatively small difference in activation 
energy indicates that the binding energy between a 
solute atom and a vacancy is much less than previously 
considered by Johnson! on the basis of the old data. The 
atomistic approach of Lazarus,’ which yielded good 
agreement with the silver-antimony data” offers a 
reasonable basis for the explanation of the present 
results. Assuming a fixed screening constant g, which is 
determined from Poisson’s equation and is not con- 
sidered an adjustable parameter and using the observed 
H and Dy for silver self-diffusion, calculations are made 
of H and Ds for solute diffusion, the results of which are 
represented along with the experimental results in 
Fig. 6. Though q is rigidly held constant in the Thomas- 
Fermi approximation, it may be expected to vary in 
actual cases as is discussed below. The results of the 
present work may thus be used as a means of estimating 
corrections to the screening constant, since all other 
quantities are known. Lazarus’ relation gives AH/Z asa 
function of g, where AH = H (solvent) — H (solute) and Z 
is the excess valence. The experimental values of AH/Z 
thereby determine g for each solute. These values and 
the values of Do calculated by using these experimentally 
determined screening constants are listed in Table IV. 
The value of g varies by 10 percent for Z ranging from 1 
to 4, which is consistent with the approximation em- 
ployed in the theory. Recent calculations by Friedel!’ 
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Fic. 6. Theoretical plots of H and Do compared with the 
experimental data. 


“1D, Lazarus, Phys. Rev. 93, 973 (1954). 
"J. Friedel, Phil. Mag. 43, 153 (1952). 
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show that the Thomas-Fermi model is not correct for 
small odd values of Z. It was shown that in addition to 
the first valence electrons which are lost to the conduc- 
tion band, possibly a fraction of a second valence 
electron of some di- or tetravalent impurities may not be 
retained in bound states when the matrix is a noble 
metal. In terms of this view, the present results indicate 
that such an effect, as in the case of divalent cadmium, 
results in a smaller value of g. If the case of cadmium be 
excepted, then the value of g is constant to within +2 
percent, which gives justification to the model employed 
in the screening theory. As a further check on the theory 
of the diffusion in silver, tracers of the elements pre- 
ceding silver in the periodic table should be studied. A 
measurement of the diffusion of ruthenium in silver is 
now under wav in this laboratory by using Ru'™ isotope 
and the preliminary results indicate the activation 
energy to be considerably larger than that for self- 
diffusion in silver. This agrees qualitatively with the 
screening theory. 

According to Zener,’ Do can be estimated from the 
values of H by the relation 


Do=a*v exp(ABH/RT,,), 


where a is the lattice constant, » the vibrational fre- 
quency, \ a numerical constant often taken to be 0.55 
for f.c.c. metals, 7,, the melting point, and 8 a constant 
related to the shear modulus » by the relation 
B=d(u/uo)/d(T/T). In very dilute solution all of these 
quantities except v and H are those of the solvent metal. 
An estimation of Do was made by approximating v by 
the Debye frequency of silver and by using the experi- 
mentally determined values of H. The term 8 was taken 
to be 0.45, and A to be 0.54 to normalize the results to 
the measured values for self-diffusion. The results are 
given in Table IV along with the estimation of H, which 
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is obtained by using only the diffusion coefficients at the 
highest temperature for all the isotopes and employing 
Zener’s theory as was suggested by the work of Nowick.* 
The values of H and Dp thus calculated yield excellent 
agreement with the experimental results for cadmium 
and indium but significant deviations are seen for tin 
and antimony. Moreover, they do not reproduce the 
experimental correlation between H and Do which is 
shown in Fig. 7. Perhaps this discrepancy results from 
our use of a constant value of v. It should be noted that 
Zener’s theory shows better agreement with experiment 
for smaller values of Z where the activation energies 
predicted by the screening theory deviate appreciably 
and the situation is reversed for cases of larger Z. It may 
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be that an appreciable portion of the free energy is 
expended in the changing of configurations other than 
the straining of the lattice (e.g., the redistribution of the 
electronic charge) when a relatively large number of 
extra electrons are attached to the impurity atoms, and 
that the assumption of Zener’s theory is thus violated. 

The negative values for the entropy of activation, 
which were implied by the old data and have been 
subject to much theoretical speculation, are not ob- 
served in the present work and their notion, in all 
probability, must be discarded for the case of dilute 
chemical diffusion in f.c.c. metals. 

The authors wish to express their gratitude to Dr. F. 
Seitz and Dr. D. Lazarus for many helpful discussions. 
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Shapes of Absorption and Emission Lines of Impurities in Solids* 


D. L. Dexter 
Institute of Obtics, University of Rochester, Rochester, New York, and Solid State Division, 
Naval Research Laboratory, Washington, D. C. 
(Received June 28, 1954) 


Existing treatments of band shapes in solids, for the simplest impurity centers, predict Gaussian shape 
functions. These treatments assume for simplicity that the electronic matrix element is independent of the 
nuclear wave functions, and that the energy width of the band is negligible compared with the energy of 
the mid-point of the band. We estimate here the expected magnitude of the effect of correcting these assump- 
tions in typical cases, and find that the emission or absorption band may deviate from a Gaussian by twenty 


percent or more on the wings. 


BSORPTION and emission spectra are not gener- 

ally of a simple shape for several possible reasons. 
In the simplest case, where only a single initial elec- 
tronic state and a single final electronic state can 
contribute to the line, where the environment of all 
the centers is identical, where the transition is far from 
resonance with the host lattice, and where the con- 
figurational coordinate curve for the final electronic 
state is sufficiently displaced from that for the initial 
state, an approximate calculation leads to a Gaussian 
shape function for the absorption or emission spec- 
trum.'~‘ This result depends on the Born-Oppenheimer 
approximation and on the assumption that the elec- 
tronic transition probability is independent of the 
nuclear wave functions, i.e., the wave functions for the 
lattice vibrations. This assumption is generally made in 
three parts: (1) the wave function of only one electron 
is changed during the transition, (2) the electronic 
matrix element for this one electron is independent of 
the nuclear wave functions, and (3) the width of the 


* Research supported in part by U. S. Air Force through the 
Office of Scientific Research of the Air Research and Development 
Command. 

1M. Lax, J. Chem. Phys. 20, 1752 (1952). 

2F. E. Williams and M. H. Hebb, Phys. Rev. 84, 1181 (195i). 

3R. C. O'Rourke, Phys. Rev. 91, 265 (1953). 

*C. C. Klick, Phys. Rev. 85, 154 (1952). 


band is negligible as compared with the energy of its 
mid-point. On configurational coordinate diagrams these 
assumptions are equivalent to assuming that the elec- 
tronic transition probability is independent of the con- 
figurational coordinate, so that line shapes are deter- 
mined solely by the geometry of the energy curves. 

The purpose of this note is to point out the influence 
of these approximations upon the calculated line shape. 
For simplicity and ease of presentation the description 
will be given in terms of the usual configurational co- 
ordinate model (in which the important coordinate is 
presumably the position of the nearest ions). 

In case the ground and excited states are influenced 
by about the same relative amount® by the lattice 
oscillations, as may be true in a system such as KCI: Tl 
where both ground and excited state wave functions 
are relatively compressed, the electronic momentum 
matrix element is given by 


(p)=(p)o(1—AR/R), (1) 


where R is any characteristic length in the wave func- 
tions of the center. As the neighbors of the center move 
and cause a change in the wave function, ie., in R, 


5 By the phrase “the same relative amount” we mean the 
equality of the logarithmic differentials of the damping lengths of 
the two wave functions. 
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they also change the energy of the transition between 
these electronic states by an amount proportional 
to R-*. Thus the square of the matrix element, which 
determines transition probabilities, is 


(p)’=(p)?(14+A4E/E). (2) 


In the event that the excited state wave function is 
so diffuse that it is relatively uninfluenced by the vibra- 
tions of the nearest neighbors, as is probably the case 
with the F center, for example, most of the variation in 
the matrix element will occur because of variations in 
the ground-state wave function. For the sake of definite- 
ness, let us consider transitions between a 1s and a 2p 
state, for which the momentum matrix element is pro- 
portional to 


(aa)'/(a+a)*, 


where a and a are the damping lengths in the expo- 
nentials of the 1s and 2p wave functions, respectively. 
Expanding, we find 


3 4 
= (of 1+40(—-——)},) 
2a ata 


As the neighbors move and cause a change in the 
ls wave function, its energy likewise changes, and 
the change in the energy of the transition is 
AE=—(2/a)Aa|E;,|, and thus the square of the 
matrix element is given by 


3 Aly E 73 4 
ore = CV] 
EL|Ey|\2. 14+a/e 


The quantity in square brackets is of the order of plus 
or minus one-tenth; in the case of an isolated atom, the 
ratio a/a is 2, | E/E,,| is ?, and the coefficient of AE/E 
is —}. In actual cases the ratios a/a and | E/E,| will 
not be exactly 2 and 3; for the F center in NaCl 
perhaps better values are 1.5 and 0.8,° so that the 
coefficient of AE/E is +-0.08. 

An absorption band arises from a summation of the 


*D. L. Dexter, Phys. Rev. 83, 435 (1951). 
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contributions from one electronic transition and all 
possible nuclear transitions. Since the integrated ab- 
sorption cross section for each individual absorption 
line is proportional to (p)’/E, the absorption band will 
not in general be a Gaussian G(Z), but rather a function 
of the form 

a(E)=E"G(E), (5) 


where n may take different values in the various cases 
mentioned above. For a system such as that discussed 
in leading to Eq. (2), m will have the value zero because 
of the cancellation of the effects arising from the magni- 
tude of the matrix element and the energy. In the case 
of Eq. (4), however, n has the value 


E {3 4 
Bea) 
|Ey|\2 1+¢/a 
or about —1.1 and —0.9 for the two models mentioned 
after Eq. (4). Thus it appears that at least a small 
amount of long-wavelength tail on the absorption band 
may usually be expected. 

In emission, on the other hand, the exponent m must 
be increased by two in each case, because of the (p)?E 
dependence of the spontaneous emission probability. 
(In referring to the emission band shape we shall mean 
the number of photons, rather than the energy, emitted 
as a function of energy.) Thus for the case treated first, 
an FE factor modifies the Gaussian, and for the other 
two cases, an approximately linear factor. (It is inter- 
esting to note that an approximate mirror-image rela- 
tion exists between emission and absorption in the 
latter two cases.) 

In typical impurity centers the half-width of a band 
may be one-tenth of the energy of its mid-point, so that 
the emission or absorption band may deviate from a 
Gaussian by twenty percent or more on the wings. This 
circumstance makes the common practice of analyzing 
these spectra into sums of Gaussians of questionable 
significance. 

The writer is indebted to Dr. C. C. Klick for inter- 
esting discussions on this material. 
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Production and Bleaching of Color Centers in X-Rayed Alkali Halide Crystals* 


I. L. Mapor,t R. F. Watts, M. C. Witttams, AND R. C. HERMAN 
A pplied Physics Laboratory, The Johns Hopkins University, Silver Spring, Maryland 


(Received July 23, 1954) 


“The x-ray production and optical and thermal bleaching of color centers in NaC! and LiF have been 
studied quantitatively in regions of substantially uniform concentration, by making optical absorption 
measurements in a direction perpendicular to the axis along which the crystals were x-rayed. At room tem- 
perature / center growth rate for short x-ray <xposures is found to be proportional to the rate of absorption 
of x-rays. For long exposures the rate of growth of the F band increases greatly near the x-rayed surface. 
Large M band growth accompanies this increased F band growth. The rate of bleaching of F centers by F 
light in NaCl has been studied at room temperature for low concentrations where the light absorption is 
nearly uniform along the light path. Differential equations describing the rates of excitation of F center 
electrons to the conduction band and the trapping of conduction electrons by negative ion vacancies and 
holes have been integrated under special conditions. The results are found to be consistent with the experi- 
mental data. The rate of thermal bleaching of F centers in NaCl has been studied at temperatures up to 
150°C. It has not been found possible to analyze the data in terms of a mechanism involving trapping of 
conduction electrons by negative ion vacancies and holes. The results of several qualitative experiments to 


investigate the possible formation of vacancies during x-raying are presented. 


I. INTRODUCTION 


HE nature and interrelation of the various color 

centers in alkali halide crystals are fairly well 
established. However, a detailed understanding of the 
processes of the formation and decay of color centers 
appears to be lacking. In part, this is a result of in- 
sufficient knowledge of such parameters as describe the 
initial state of the crystal in terms of single and paired 
vacancies, impurity content, and mechanical strain. 
In part, the apparent complexity of the processes re- 
quires models that cannot be adequately tested by 
experimental data presently available. The data ob- 
tained on x-rayed crystals has been qualitative rather 
than quantitative, as a consequence of the fact that 
most of the optical absorption measurements have been 
made along a path of nonuniform coloration. 

This inhomogeneity arises from the attenuation of 
the x-ray beam with increasing depth in the crystal. 
The greatest coloration is at the front face of the crystal, 
and the concentration gradient depends on the energy 
distribution in the x-ray beam and the stopping power 
of the crystal. Measurement of color center concentra- 
tion by optical absorption has generally been made 
along the same axis as that of the x-ray beam, thereby 
giving an integrated value of the absorption through 
the crystal depth. However, quantitative absorption 
measurements can be obtained by choosing the direc- 
tion of the optical absorption light path to be per- 
pendicular to the axis of the x-ray beam. If the light 
beam is sufficiently narrow, the segment of the crystal 
observed will be essentially homogeneous in color center 
concentration. This technique has been used to in- 
vestigate the growth of color centers by x-ray irradia- 


* This work was supported by the Bureau of Ordnance, De- 
partment of the Navy. 

t Present address: Research Laboratories, National Distillers 
Products Corporation, Cincinnati, Ohio. 


possible to reduce the apparent complexity of these 
processes by making a quantitative study of segments 
having a uniform color center concentration. 


II. EXPERIMENTAL 


The alkali halide crystals were obtained in various 
lots from the Harshaw Chemical Company. They were 
cleaved to 1.5 cmX1.5 cm and to various thicknesses. 
So-called “thick” and “thin” crystals were ~0.8 cm 
and less than 0.1 cm, respectively, in the dimension 
through which the optical absorption was measured. 
A Picker-Waite diffraction unit with a Machlett tube 
was employed for the x-ray coloration. The accelerating 
voltages were in the 30 to 50 kv range, and voltage 
fluctuations were reduced by a Sola transformer. The 
x-ray tube had a molybdenum target and beryllium 
windows 0.5 mm thick, located 2.5 cm from the focal 
spot. The crystals were mounted ~4 cm from one Be 
window. The optical absorption measurements were 
made on a Beckman Model DU spectrophotometer. 

The ‘‘thick” crystals were x-rayed and the optical 
density measured in the same brass holder shown 
schematically in Fig. 1(a). This simplified the problem 
of handling the crystal during x-raying and transferring 
to the spectrophotometer in the dark, a precaution 
taken to avoid optical bleaching. The “thin” crystals 
were placed between two thicker crystals of the same 
alkali halide, and the sandwich was clamped between 
two brass plates. The purpose of the thicker crystals 
was to eliminate shadows caused by the brass plates 
during x-raying. For the optical absorption measure- 
ments the “thin” crystals were transferred to the 
holder employed for the “thick” crystals. The holder 
and crystal sample were mounted in the Beckman spec- 
trophotometer as shown in Fig. 1(b). The crystal was 
moved perpendicular to the light path by a micrometer 
screw and absorption readings were taken about every 
half millimeter. Reproducibility of positioning was 
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Fic. 1. (a) Crystal holder for x-raying and measuring the 
optical absorption of alkali halide crystals. (b) Crystal holder 
mounted in the Beckman spectrophotometer. 


assured to ~+0.001 cm by observing the micrometer 
reading, for which transmission was 50 percent, as the 
leading edge of the front post passed the optical beam. 
Since the beam from the exit slit of the Beckman 
spectrophotometer is divergent, an additional 0.035-cm 
wide fixed slit was mounted between the variable slit 
and the crystal. For a Beckman slit of ~0.01 cm the 
width of the beam passing through the crystal was 
~0.04 cm, All absorption values reported here are 
logio of the ratio of the transmission before coloration 
to that after. Crystals used more than once were 
bleached of all coloration by heating in an oven at 
350°C for two hours. 

Optical bleaching of NaCl was accomplished in the 
spectrophotometer at 464 my, the frequency of the 
F band maximum, with the variable slit set at 1 mm, 
giving a spectral band width of ~35 mu. After x-raying, 
and after each bleaching period, about five minutes was 
allowed for the decay of F’ centers before the optical 
absorption was measured. The total bleaching light flux 
incident on the crystal was measured with an RCA 929 
photocell and found to be ~37 ww/cm? or 10" quanta/ 
(cm* sec) on the basis of the calibration data of the 
manufacturer. Various bleaching light intensities were 
obtained by placing neutral filters in front of the crystal. 
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The measuring light had a spectral band width of 
~S5 my and a flux of ~0.6 uw/cm*. The bleaching 
power of the measuring light was negligible, and there- 
fore was neglected in all of the present experiments. 

For the study of thermal decay a forced air oven 
was built around the crystal holder, between the 
monochromator and detector sections of the spectro- 
photometer. Oven temperatures were maintained to 
+1°C by a Celectray potentiometer type controller 
with a thermocouple sensing element. A dummy crystal 
with another thermocouple imbedded in it was clipped 
to the back plate of the crystal holder to monitor the 
temperature. 

The optical absorption experiments reported here 
concerning a and £8 bands in KI crystals were made at 
5° and 78°K in a low-temperature cryostat previously 
described.! The optical absorption measurements in 
this case were made along the same axis as that of the 
x-ray coloring beam, and the results are therefore only 
qualitative. 


Ill. GROWTH OF F CENTERS IN NaCl AND LiF 
A. Short X-Ray Exposures 


The mechanism for the formation of F centers in 
alkali halides by x-ray irradiation is not clearly under- 
stood.” In the absence of a clearly defined model upon 
which to base calculations it seemed worth while to 
investigate the applicability of simple relationships 
between the rate of formation of F centers and the 
rate of x-ray absorption. For short times for which 
saturation effects can be neglected, the simplest assump- 
tion is that the local rate of production of F centers is 
proportional to the local rate of absorption of x-rays, 
as given by the equation 


(dnp/dt),= —adJ (x)/dx, (1) 


where J(x) is the intensity of the x-ray beam at depth 
x in the crystal, a is a constant, and m,p is the concen- 
tration of F centers at x. To test Eq. (1) the following 
calculations were made to determine as a function of 
depth in the crystal the relative energy absorption per 
cm* per sec, which is equal to —dJ(x)/dx. 

The intensity J(x,\) of a monochromatic x-ray beam 
of wavelength \ at any depth of penetration x in a 


crystal is 
(2) 


where Jo(A) is the energy flux per unit area incident 
on the crystal face and yw the linear x-ray absorption 
coefficient of the absorbing crystal. 

The unfiltered spectral output of an x-ray tube is 
not monochromatic but consists of a continuum with 
characteristic lines superimposed upon it. In this calcu- 
lation the contribution of the characteristic Mo x-ray 
lines is neglected. The wavelength distribution of the 


J (x,d)=Jo(A)e*, 


1W. H. Duerig and I. L. Mador, Rev. Sci. Instr. 23, 421 (1952). 
2 F, Seitz, Revs. Madern Phys. 26, 7 (1954). 
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continuous x-rays as given theoretically by Kramers® 
and determined empirically by Kuhlenkampf‘ is of 
the form 

Jo(d) = DoZd (Ao! — A), (3) 


where Jo(A) is the intensity at wavelength A, Do is a 
constant related to the efficiency of x-ray production, 
Z is the atomic number of the x-ray target material, 
and Xo is the short-wavelength cutoff. 
The linear x-ray absorption coefficient varies with 
wavelength as® 
w= AN+B, (4) 


where A and B are constants depending on the ab- 
sorbing material. 

The total intensity J(x) at any depth in a crystal 
irradiated with such a heterogeneous x-ray beam may 
be derived by combination of Eqs. (2-4) and integra- 
tion over all \ from the short wavelength cutoff, 
yielding 

J (x)= DoZe eet, (S/o) —J 2], (5) 


where 


n=f d~? exp(— Ad®x) dr (5a) 


dO 


J,= | dN * exp(—Ad*x)dd. 


ro 


(5b) 


The relative energy loss per unit volume, or relative 
absorption rate of the x-ray energy at any depth in 
the crystal, is the negative of the derivative of J(x) 
with respect to the distance x in the crystal, and is 
given by 
—dJ (x)/dx= — DoZ{e~®*[do! (J ;/dx) — (dJ2/dx) ] 
— Be~®*((J;/do)—Ja]}. (6) 
The quantities J;,J., and their derivatives may be 
evaluated in terms of complete and incomplete gamma 
functions, I’,, and I'v, respectively, with the change of 
variable #%o= Ad¢*x as follows: 
J,\=(A x)*{e~™[ 9 $+- 394] 
—4$(1.(5/3) —Pwo(5/3)]}, 
J.=4(Ax) {ep $+ 394] 
— 3(1'..(4/3) —T'wo(4/3) J}, 
dJ \/dx= 4A iy e~ “uel T.(5/3)— P'uo(5/3) ]}, 
and 
dJ o/dx= Alx-\{ e~“u,§[T,,(4/3) —T'uo(4/3) ]}. 


(6a) 


(6b) 
(6c) 


(6d) 


By using Eqs. (6)—(6d), numerical values of —dJ (x)/dx 
were calculated for various values of depth x (in cm) 
for NaCl and LiF. The constants Do and Z were arbi- 


3H. A. Kramers, Phil. Mag. 46, 836 (1923). 

*H. Kuhlenkampf, Ann. phys. 69, 548 (1922). 

5 W. T. Sproull, X-Rays in Practice (McGraw-Hill Book Com- 
pany, Inc., New York, 1946), p. 75. 
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trarily taken as unity since the primary interest was 
in determining the relative energy loss at different 
depths in a crystal. Values of « for each alkali halide 
crystal were computed for various wavelengths from 
values of the mass absorption coefficient, 4/p, for each 
element, and the density, p, of the crystal. From these 
values of u, A and B were computed by a least squares 
fit to be for NaCl, 49.64 10% cm™ and 0.376 cm™, 
respectively, and for LiF, 8.95310" cm™ and 0.435 
cm™', Values of \o in cm were obtained from the equa- 
tion \o=hc/eV, where V is the x-ray tube peak accelerat- 
ing voltage. 

Computations of —dJ(x)/dx involving the gamma 
function expressions were quite laborious. A simpler 
procedure was therefore developed which yielded essen- 
tially the same results. The Kramer’s energy distribu- 
tion was divided into half a dozen wavelength segments. 
The derivative of Eq. (2), 


dJ (x,d)/dx= —pJ (ANE, (7) 


was computed by using average values of w and Jo(A) 
for each segment. These contributions were then 
summed to give dJ(x)/dx. In this case wavelengths 
greater than ~2 A were neglected. For this reason the 
segment approximation is not very accurate for «<0.1 
cm where the long-wavelength x-rays are strongly 
absorbed. 

The x-ray energy absorbed after a given time of 
irradiation is proportional to the rate of energy ab- 
sorption, —dJ(x)/dx. The results of the calculations 
of x-ray energy absorption as a function of depth x, 
based on the segment method of calculating —dJ (x)/dx, 
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Fic. 2. Comparison of theoretical x-ray absorption and experi- 
mental F center concentration as functions of depth in NaCl. 
The solid line shows the x-ray energy absorbed, the dashed line 
shows the number of x-ray photons absorbed, and the circles are 
the observed F center concentrations for short x-ray exposure 
time (1 minute). 
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Fic. 3. Comparison of theoretical x-ray absorption and experi- 
mental F center concentration as functions of depth for LiF. 
X-ray exposure times of 2 min (50 kv) and 2.8 min (30 kv). 


are shown as solid lines on the semilogarithmic plot in 
Fig. 2 for NaCl and in Fig. 3 for LiF for 50 and 30 kv 
x-rays. The intensity incident on the face of the x-rayed 
crystal, Jo, was assumed to be unknown here. The 
calculated penetration curves were, therefore, fitted at 
a depth of 0.1 cm for NaCl and 0.2 cm for LiF to the 
experimental data for the F center absorption which 
was measured as a function of depth in the crystal. 
The experimental points are denoted by circles. Since 
both the gamma-function method and the segment 
method of calculation yield very nearly the same depth 
curve at distances >0.1 cm, only the results from the 
latter method are shown. 

In addition to the calculation for the relative x-ray 
energy absorption, it was of interest to calculate the 
relative x-ray photon absorption as a function of depth 
in the crystal. The rate of absorption of photons with 
wavelength A is proportional to AuwJoe~**. The total 
relative photon absorption was calculated by the seg- 
ment method for different depths in the crystal. The 
results are plotted in Figs. 2 and 3 as dashed lines. 

Figure 2 shows fairly good agreement between calcu- 
lated x-ray absorption and experimental F center con- 
centrations as functions of depth in NaCl which was 
x-rayed for one minute at 50 kv and at 30 kv. Figure 3 
shows the agreement between calculated and experi- 
mental results for LiF x-rayed at 50 kv for 2 minutes 
and at 30 kv for 2.8 minutes. The slopes of the experi- 
mental depth curves do not match the slope of either 
the calculated energy absorption curve or the calculated 
photon absorption curve to the exclusion of the other 
one. We can say that the experimental F center con- 
centrations are approximately proportional to the x-ray 
absorption as a function of depth through the crystal, 


but the problem of whether F center formation is more 
closely related to x-ray energy absorption or photon 
absorption is unresolved. The reasons for this ambiguity 
lie partly in experimental error in the determination 
of the small F center concentrations produced from very 
short x-ray exposures, and partly in the appearance of 
saturation effects for exposures long enough to give 
well-reproducible depth curves. The problem is aggra- 
vated by the large range of x-ray energies in the hetero- 
geneous beam available. It is hoped that an experiment 
can be carried out using monochromatic x-rays with a 
sufficiently high intensity to allow short times of 
exposure. 

An estimate of the x-ray intensity Jo at the front 
face of a crystal is 1.3X10'® ev/(cm? sec), based on 
tube operation at 50 kv and 15 ma, and tube efficiency 
of ~1.5X10~*. The energy absorbed in the 0.86-cm* 
NaCl crystal in one minute was estimated to be 
~5X 10"? ev. The total number of F centers produced 
in this crystal can be estimated by summing the local 
concentrations over the depth of the crystal. The local 
concentration can be found by using Smakula’s equa- 
tion® 


n W 
np(cm~*) = 1.28 10! wll (8) 
(n?+-2)? f 


where n is the index of refraction of an uncolored 
crystal, f is the oscillator strength of the color center, 
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Fic. 4. F center concentration as a function of depth in NaCl for 
various times of x-ray irradiation. 


A. Smakula, Z. Physik 59, 603 (1930). See also reference 2, 
footnote 1. 
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W is the band width in ev at half-maximum, and a is 
the absorption coefficient at the band maximum given 
by a=do In(Jo/J), with dy taken as the crystal thick- 
ness. For NaCl at room temperature n= 1.54, f/~0.7, 
and W~40.51 ev. The total number of F centers pro- 
duced after a one minute x-ray exposure was ~3X 10!°, 
so that the average energy for the formation of one 
F center in NaCl is ~10° ev. This can be compared 
with the values of 18 and 120 ev reported by Schneider’ 
and Harten,* respectively, for KCl x-rayed at room 
temperature. 


B. Growth for Long X-Ray Exposures 


F center concentrations as a function of depth in 
the crystal are shown in Fig. 4 for NaCl x-rayed for 
various times at 50 kv. The concentrations range from 
less than 10'® to ~10"’ cm™. For a particular crystal, 
absolute values of log(J/J) for a given depth and 
length of x-ray exposure could be reproduced to ~+10 
percent, under the experimental conditions employed. 
Variations between crystals were somewhat larger than 
this. The slope of the depth curve at a given depth for 
a given length of exposure for all crystals of the same 
alkali halide could be reproduced to +1 percent. Varia- 
tions in the x-ray tube current as well as differences 
in the treatment of the crystals were responsible for the 
large scatter in absolute determinations of the concen- 
trations. Changes in the x-ray voltage and slight in- 
stability in the Beckman spectrophotometer blank 
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Fic. 5. F center concentration as a function of x-ray exposure 
time for several depths in NaCl. 


7See E. E. Schneider in J. W. Mitchell, Fundamental Mecha- 
nisms of Photographic Sensitivity (Academic Press, New York, 
1951), p. 13. 

*H. U. Harten, Z. Physik 126, 619 (1949). 
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Fic. 6. F center concentration as a function of x-ray exposure 
time for several depths in LiF. 


determinations affected the depth curve slope repro- 
ducibility. 

Figure 5 is a cross plot of data for Fig. 4 and shows 
F center growth up to two hours of x-ray exposure for 
several depths in the same NaCl crystal. The growth 
rate varies markedly through the crystal for the early 
exposures, and a trend toward saturation soon appears 
near the x-rayed face. Platt and Markham,’ Schneider,’ 
and Harten* have reported qualitatively similar growth 
curves, although their absorption measurements were 
taken in the same direction as that of the x-ray beam, 
and did not show the quantitative differences apparent 
at various depths in the crystal. 

The trend toward saturation appears in the con- 
centration range of ~4-6X10!* cm~ as shown in the 
curves taken at depths of 0.2 and 0.4 cm from the 
x-rayed face of the NaCl. At greater depths the growth 
rates are not constant, but they vary much more slowly 
with time than those at the smaller depths. The x-ray 
intensity incident on the crystal was varied by changing 
the x-ray tube filament current. The depth curve for a 
given current and length of exposure was the same 
within 2 percent as that for one-half the current and 
twice the length of exposure. 

F center growth curves at various depths are shown 
in Fig. 6 for LiF. In contrast to the behavior of NaCl, 
the growth rates for LiF are very nearly constant close 
to the x-rayed face. At optical densities about the same 
as those for which NaCl showed a trend to saturation, 
luminescence in the LiF during and following x-ray 
irradiation had become sufficiently intense to decrease 
the accuracy of the optical absorption measurements. 

Figure 7 shows color center concentration with depth 
after a thin NaCl crystal had been x-rayed for 2 hours 


*R. T. Platt, Jr., and J. J. Markham, Phys. Rev. 92, 40 (1953). 
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Fic. 7. Color center concentrations as a function of depth in NaC! 
for 2- and 48-hr x-ray exposure for F band (OQ) and M band (A). 


and 48 hours. For the shorter time the F center curve 
shows appreciable coloration extending through the 
crystal. Within 0.1 cm of the x-rayed face there is 
unexpected increase in F center concentration, greater 
than the apparent saturation value of ~10'’ cm~. 
For the same length of exposure and for depths up to 
0.1 cm a small but significant amount of M band is 
observed. 

After 48 hours the F center concentration through 
the back portion of the crystal is ~10'’ cm~*. Near the 
front, however, a large increase of F band growth re- 
sults in concentrations of ~10'* cm~*. The M band for 
this exposure is very large in the front and decreases 
rapidly within the front 0.3-cm region where the F 
center concentration is > 10!” cm~*. 

Measurements on other thin NaCl crystals have 
confirmed the fact that under continued irradiation, 
and for F center concentrations of ~10'’ cm~, the 
growth rate of the F band breaks from the trend toward 
saturation and rises rapidly. Under these conditions 
the growth rate of the M band, and also possibly the 
R and V bands, increase rapidly. The break visible in 
the depth curves moves into the crystal from the 
x-rayed face, up to an apparent limiting value which 
is reached after about 24 hours’ exposure to this type 
of radiation. For NaCl this limiting depth appears to 
be ~0.3 cm for the x-ray intensity employed. 

Estermann, Leivo, and Stern” reported measurable 
decreases in crystal density for KCI after x-ray irradia- 


® Estermann, Leivo, and Stern, Phys. Rev. 75, 627 (1949). 
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tion for several hours with an intensity having the 
same order of magnitude as was used in the present 
experiments. This fact leads us to suggest that the large 
increase in F center growth near the x-rayed surface 
and the accompanying increase in M center growth are 
associated with the production of vacancies by the 
x-rays. 

The NaC! crystals x-rayed for long times appear 
“black” in the portion near the x-rayed face, and yellow 
in the remaining portion. In Fig. 8 are given three 
absorption spectra for 35-hour x-rayed NaCl; one was 
taken in the black portion, one at the diffuse boundary 
between the black and yellow portions, and one in the 
yellow portion, at 0.09, 0.29, and 0.49 cm, respectively, 
from the x-rayed face. Only at the 0.09-cm depth are 
there indications of appreciable band structure other 
than the F band. At this depth there is a well defined 
M band, and indications of two V bands, as well as a 
long tail on either side of the F band which could in- 
clude K and R bands. 

The half-width of the F band in the yellow portion 
of this crystal x-rayed for 35 hours is ~0.49-0.50 ev, 
which is about what is observed after short x-ray ex- 
posures at any depth. Near the front of the crystal the 
half-width has grown to ~0.61 ev. This variation in 
half-width is larger than that reported by Mador, 
Markham, and Platt" who included in their study of 
KBr half-widths at 78°K F bands made by additive 
coloration as well as x-ray coloration. There may be 
two reasons for this large half width near the x-rayed 
face: (1) if the K, V, and R bands in the F band tails 
are growing faster than the F band, there could be an 
increase in apparent half-width; (2) the high concen- 
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Fic. 8. Absorption spectra of NaCl x-rayed for 35 hr. 0 in 
the black portion; O at the boundary between the yellow and 
black portions; A in the yellow portion. 


4 Mador, Markham, and Platt, Phys. Rev. 91, 1277 (1953). 
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tration of imperfections at this depth in the crystal 
might cause interactions which could increase the true 
half-width. 

Figure 9 shows a large amount of F and M bands 
extending through the whole depth of an LiF crystal 
x-rayed for 24 hours. No break similar to that found 
at 0.3 cm for NaCl is observed for this crystal, but 
preliminary experiments on a larger LiF sample in- 
dicate that a break may occur for this length of ex- 
posure at a depth of ~1.8 cm. Another experiment 
indicates that a similar break occurs in KCl at ~0.15 
cm. 

An attempt was made to test the hypothesis that 
vacancy diffusion from a surface is rate determining in 
F center formation. A NaCl crystal was partially 
cleaved in the direction perpendicular to that of the 
x-ray beam, and the whole crystal was x-rayed for 16 
minutes. The F center concentration decreased some- 
what more rapidly with depth beyond the cleavage 
plane than in an uncleaved crystal, but it showed no 
discontinuity at the cleavage plane to indicate anoma- 
lous F center growth at the boundary. Absorption 
measurements were made every 0.25 mm through the 
cleavage region with a light beam width of ~0.04 cm. 
For this period of exposure no effect on the rate of 
growth of F centers caused by proximity to a crystal 
surface was observed. 

On the basis of this study, F center growth at room 
temperature appears to be divided into three parts. 
First, there is an early fast growth which is propor- 
tional to the relative x-ray absorption through the 
whole crystal. Secondly, there is a slower growth tend- 
ing to a saturation concentration through the whole 
crystal, which for various NaCl samples ranges be- 
tween ~6X10'® and ~2X10" F centers per cm’. 
Thirdly, there is an increased growth in the very heavily 
x-rayed front portion of these relatively large crystals, 
which is accompanied by growth of other centers. 


IV. OPTICAL BLEACHING OF F CENTERS IN NaCl 


The analysis of the optical bleaching of F centers is 
simplified if the crystal is uniformly colored so that the 
local and average concentrations are equal. In actual 
practice the nonuniform absorption of x-rays and of 
bleaching light lead to gradients in the F center con- 
centration. 

The technique of orienting the bleaching light path 
perpendicular to the axis of x-ray permits one to study 
substantially uniform initial concentrations provided 
the light beam is sufficiently narrow. A condition of 
uniform light absorption throughout the region of 
bleaching may be approximated by choosing F center 
concentrations and crystal thicknesses so that only a 
small fraction of the incident light is absorbed. 

Observations” of photocurrents in x-rayed crystals 
during irradiation with F light at room temperature 


12 J. J. Oberly and E. Burstein, Phys. Rev. 79, 217 (1950). 
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Fic. 9. Color center concentrations as a function of depth 
in LiF after 24-hr x-ray exposure. 


indicate that electrons are transferred to the conduction 
band in optical bleaching. The conduction electrons 
may then be captured either by positive holes or by 
negative ion vacancies. The nonlinear kinetic equations 
for these processes may be written as 


dnp/dt= —orlne+kinm, (9) 
(9a) 
(9b) 
(9c) 


dn,/dt= orlne—kinn,— kon nn, 
dn,/dt=orInr—kinny, 
dn,/dt= —konnn, 


where J is the local intensity of the bleaching F light, 
Nr, Ne, Mn, and m, are the local concentrations of F 
centers, conduction electrons, holes, and negative-ion 
vacancies, respectively, or is the cross section for the 
optical decomposition of F centers, and k; and ke» are 
rate constants. Conservation of charge and of negative- 
ion vacancies lead to the equations 


and 


ny +np=ny+nr=N, (10a) 


where mn," and mp® are the respective initial con- 
centrations. 

A simple limiting case arises if the capture cross 
section of a vacancy for a conduction electron is 
negligible, i.e., k:=0. Then 


dnp/di= —apl ap. (11) 





624 


The rate of optical bleaching of F centers in KC] has 
been investigated by Grant" and by Hesketh.” Their 
results are consistent with the first-order decay law 
given by Eq. (11) only at the start of the bleaching 
period. Hesketh then considered the possibility of 
capture of conduction electrons by vacancies. He as- 
sumed that m, is a constant in time and is negligible 
compared with npr and that k;=ke. Hesketh expressed 
the rate equation involving these assumptions in terms 
of the average F center concentration and average 
light absorption throughout the crystal. It was found 
that the experimental data were not consistent with 
this rate equation. 

Before rejecting the above mechanism it is worth- 
while to investigate whether the discrepancy found by 
Hesketh is due to the nonvalidity of the special assump- 
tions made or to F center concentration gradients and 
nonuniform light absorption in the crystal. 

In terms of our notation involving local concentra- 
tions, Hesketh’s assumptions lead to the rate equation 


dnp/dt= —(arl/N)nr’, (12) 
which, on integration with respect to time, gives 


ne /ne=1+ (np®/N)o pl. (13) 


















































10 20 30 40 50 
TIME (minutes) 


Fic. 10. Reciprocal of the fraction of F centers optically 
bleached vs time in a “thin” NaCl crystal. Initial F center con- 
centrations (cm™*): O—3.2X10"*; 6>—4.3X 10"*; O—6.7X 10"; 
A—8.7X 10"*; V—1.4X 10". 


4% 1D. F. Grant, thesis, University of Durham, Durham, England, 
1950 (unpublished). We are indebted to Dr. E. E. Schneider for 
copies of this thesis and that referred to in reference 14. 

R. V. Hesketh, thesis, University of Durham, Durham, 
England, 1953 (unpublished). 
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The system of Eqs. (9)-(10a) may be integrated ex- 
actly'® for.the case ki=k, without placing restrictions 
on One obtains 

N (N/np')+a[7r—8-(1—e-*)} 


14 
np 1—a(1—e-*") (4) 





where 
r=k,Nt, 


y=orl/(k2N), 
B=1+y7, (14c) 
a=7/B. (14d) 


The quantity k2V may be expected'® to be ~10* sec™. 
For times long compared with 10-8 sec, neglect of the 
exponential terms is justified and leads to the ap- 
proximation 


np np° 7 ny” 
—=1+y- (~) (—)+(— Joon. (15) 


For ordinary light intensities ~ may be expected'® to 
be a small number ~10~* and may be neglected com- 
pared with unity. Equation (15) then becomes identical 
with Eq. (13) derived for a stationary state in the con- 
duction electrons. The special assumptions concerning 
n,. made by Hesketh appear to be quite well justified 
for the interpretation of the optical bleaching data. 
According to Eqs. (13) and (15), a plot of np°/nr vs t 
is linear. 

Experimental data for the optical bleaching of a 
“thin” crystal are plotted in Fig. 10. The optical density 
log(Io/Z) at the F band maximum is taken to be pro- 
portional to the average F center concentration along 
the light path. For uniform concentrations, 


To np 
(ioe-*) / ('8-*) =—, 
T7 tno TT tmnt Mp 


The curves for the three lowest initial F center con- 
centrations are quite linear over the major portion of 
the bleaching period. The curves for the two highest 
concentrations are not linear. After several minutes of 
bleaching, the slopes are appreciably larger than those 
for the low concentrations. Although it is not evident 
in Fig. 10, the experimental data indicate that the 
initial slopes are somewhat smailer than the low con- 
centration slopes. 

In Fig. 11 are plotted optical bleaching data for a 
“thick” crystal in which the x-rayed region was 6.3 
mm thick. The two lower concentrations yield plots of 
np®/np vs t which are fairly linear. The highest con- 
centration shows a smaller slope than the low concen- 
trations in the region np°/nr<3 while at larger values 
of np®/nr the slope increases. 


(14a) 
(14b) 


(16) 


1 Herman, Meyer, and Hopfield, J. Opt. Soc. Am, 38, 999 
(1948). 
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Since the optical density is proportional to the 
product of F center concentration and thickness of the 
x-rayed region, the linear relation between n°/np and 
‘ has been observed over a tenfold range of n° values 
for the two thicknesses employed. The explanation for 
the results at the high concentrations is not completely 
clear. At high concentrations the light absorption is not 
uniform and concentration gradients develop during 
bleaching. To take into account this effect as well the 
recapture of electrons by vacancies would require the 
solution of a nonlinear partial differential equation and 
has not been attempted as yet. 

Some qualitative observations may, however, be 
made. For uniform initial F center concentrations Eq. 
(12) may be integrated over the thickness of the crystal. 
The initial rate of change of the average F center con- 
centration is then found to be proportional to the 
average light intensity along the light path. The 
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Fic. 11. Reciprocal of the fraction of F centers optically 
bleached vs time in a “thick” NaCl crystal. Initial F center con- 
centrations (cm~*): O—6.7X 10'®; A—1.710'*; O—4.6 10". 


average intensity is smaller for high concentrations than 
for low concentrations. The initial slopes in the plot 
of np°/nr vs t may then be expected to be smaller in 
the former case than in the latter. 

The effect of concentration gradients on the rate 
may be investigated for the case of a constant gradient 
and uniform light intensity. If the gradient is g, integra- 
tion of Eq. (12) over the thickness dy of the crystal yields 


dN p/dt= — (o vl /N)((N e*/do)+(g*do*/12)], (17) 


where 
dg 
N r= f nerdy. 
0 


aN p/dt= —(opl/N)(N e’/do). 


(17a) 


For g=0, 
(17b) 


A constant concentration gradient, therefore, leads to 
an increased rate over that for a zero gradient and the 
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Fic. 12. Reciprocal of the fraction of F centers optically 
bleached with light of intensity /=//; in a “thin” NaCl crystal as 
a function of /t. Initial F center concentrations (cm~*) and rela- 
tive intensity, f: O—3.2X10'%, 0.305; A—3.1X10", 0.734; 
O—3.2X 10", 1.00; 7—1.39X10!", 0.305; 6—1.44X 10", 1.00. 
1;=37 pwatt/cm*. 


same average concentration. This effect offers a possible 
explanation for the relatively large slopes found at 
high concentrations and long bleaching times. 

Another variable which affects the slope of the nr°/n¢ 
vs ¢ plot is the ratio n,°/np°. The near coincidence of the 
plots at low concentrations indicates that in these 
cases this ratio is nearly constant. The changes in 
slope found in passing to higher concentrations may 
involve a variation in n,"/np°. 

The above discussion indicates that the discrepancy 
found by Hesketh is not due to the special assumptions 
concerning m, and the rate constants, but may be 
attributed to F center concentration gradients and 
nonuniform light absorption in the crystal. 

Equation (13) predicts that nr°/np is a function of 
the product Jt. In Fig. 12 are plotted experimental data 
for optical bleaching of a thin crystal for various in- 
tensities of the incident light. For the low initial con- 
centrations the curves nearly coincide. This result is 
consistent with a dependence of nr°/nyr on Jt, and with 
a nearly constant value of the ratio np®/N for the three 
examples at low concentrations. 

The two curves for high concentrations, on the other 
hand, show a considerable deviation from one another. 
This indicates that nr°/ny is a function not only of Jt 
but also of some variable such as n,°/np° or of J alone 
which differs in the two cases. 

The initial rate of destruction of F centers specified 
by Eq. (13) is given by 


dnre np? 
(—) =——gpl np’. 
dt F 0 N 


If op is the cross section for the absorption of photons, 
then or=qiop where q, is the primary quantum effi- 
ciency for the destruction of F centers. The local rate of 


(18) 
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Fic. 13. Thermal bleaching of F centers in a “thick” NaCl 
crystal at 150°C vs time. Initial F center concentrations (cm~*): 
O—4.3X 10*; A—6.0X 10"*; O—7.4X 10". 


absorption of photons is initially equal to op/nr®. The 
net quantum efficiency q is defined as the net rate of 


destruction of F centers divided by the rate of absorp- 
tion of phetons. At /=0, 


q= (np°/N)qi=[ne/(n°+ne°) Iq. 


Initial rates of destruction of F centers in the optical 
bleaching of NaCl were determined from the experi- 
mental data by using Smakula’s formula given in Eq. 
(8). The bleaching light intensity was measured as 
described in Sec. II. The net quantum efficiency g was 
then calculated to be ~0.3. Within the limit of experi- 
mental error the value of g was found to be the same for 
the various values of n° considered. The present result 
is nearly equal to the value 0.23 found by Camagni 
and Chiarotti'® for the initial net quantum yield for 
the optical bleaching of F centers in x-rayed KCl con- 
taining strontium impurity. 

A value of g less than unity follows from Eq. (19) if 
q: is less than unity, or if n.°*0, or both. If n,° is pro- 
portional to mr, then Eq. (19) indicates a lack of de- 
pendence of g on ny’. The assumptions that q; is unity 
at room temperature and that n,">0O are consistent 
with the present data, and with the quantum yields 
obtained by Pick"’ for the transformation of F centers 
to F’ centers in additively colored KCI and NaCl. 


(19) 


V. THERMAL BLEACHING OF F CENTERS IN NaCl 


Thermal decay of F centers in “thick” NaCl crystals 
was studied at various depths through the crystals in 


© P. Camagni and G. Chiarotti, Nuovo cimento XI, 1 (1954). 
"1H. Pick, Ann. Physik 31, 365 (1938). 
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the temperature range 29° to 150°C. Prior to a thermal 
bleaching experiment the F center concentration of a 
freshly x-rayed NaCl crystal was determined at room 
temperature. The crystal and holder were then removed 
from the spectrophotometer while the oven was heated 
to the desired temperature. Zero time for the run was 
taken when the crystal was replaced in the hot oven, 
although it took 5 to 10 minutes for the sample to reach 
thermal equilibrium. Because the F band max shifted 
towards longer wavelengths as the crystal temperature 
increased, measurements for the three highest tempera- 
ture runs were taken at 470 my instead of 464 mu. 
The room temperature determinations of the initial 
concentrations were corrected to account for the de- 
crease of the absorption at the band maximum with 
increasing temperature at constant concentration. This 
was observed in a separate run, and found to be 0.06 
percent per degree. 

Figure 13 shows the F center concentration as a 
function of time for 150°C bleaching at three depths in 
the crystal. There is rapid bleaching at first, followed 
by a long period of slow bleaching, typical of all the 
bleaching curves. The break from fast to slow bleaching 
is more gradual for the depth with the highest initial 
concentration. 

Figure 14 shows decay curves for different tempera- 
tures taken at about the same depth in the crystal, and 
hence for almost the same original concentration. The 
initial fast decay accounts for most of the bleaching 
observed, representing approximately 60 to 80 percent 
for the 140° and 150°C runs, respectively. In this 
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Fic. 14. Thermal bleaching of F centers in a “thick” NaCl 
crystal vs time at various temperatures. Initial F center concen- 
trations ~4.5X10'® cm. Y—29°C; o—98°C; O—120°C; 
O—140°C; A—150°C. 
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temperature range the bleaching rates in the slow por- 
tion are the same within experimental error. All the 
curves decrease continuously with no leveling off, even 
in the very slow decay just above room temperature. 
Bleaching was 99 percent complete at 150°C after 92 
hours; it was only 86 percent complete at 120° after 
120 hours. 

Figure 15 is a plot of the reciprocal of the fraction 
of F centers bleached vs time. The initial slopes of the 
120°-150° runs are comparable with those observed for 
the 10'* quanta/(cm? sec) F light optical bleaching, 
but the subsequent lower slopes, representing the 
break from fast to slow thermal decay, are a departure 
from the behavior of the optical decay slopes. The room 
temperature thermal decay shows the same qualitative 
behavior as that of the higher temperatures. 

In a separate experiment a crystal was bleached at 
140°C for two hours and then bleached optically at 
room temperature. The optical decay proceeded at 
nearly the same rate for the remaining concentration 
as in a freshly x-rayed crystal, and was not changed by 
the prior removal of those F centers involved in the 
initial fast thermal decay. 

Luminescence at room temperature was observed 
from the heavily x-rayed region of a NaCl crystal. 
Thermoluminescence had been reported in KCl by 
Grant and Hesketh" to accompany thermal bleaching, 
and was attributed to direct recombination of the 
F center electron and a positive hole. Heating an x- 
rayed NaCl crystal on a hot plate produced a sub- 
stantial amount of blue-white thermoluminescence, 
particularly during the first several minutes while the 
crystal was warming up. 

The thermal bleaching curves such as in Figs. 14 and 
15 are not amenable to analysis in terms of one or two 
independent monomolecular processes,’*:* nor can they 
be explained by the model developed for the optical 
bleaching involving electron excitation to the conduc- 
tion band and retrapping. 

Thermal bleaching has been considered" to involve 
a tunneling process with a very small activation energy 
in which the F center electron recombines with a 
positive hole without entering the conduction band. 
No activation energy could be determined from the 
present experiments, though this may be due only to 
the small temperature range covered. The break from 
fast to slow bleaching would probably have to be ex- 
plained in terms of a spatial arrangement of nearby 
and faraway holes if tunneling were the only process 
involved. 

It is possible that tunneling at the onset of thermal 
decay might cause sufficient luminescence to produce 
some optical bleaching, the cessation of which, shortly 
after the sample attains thermal equilibrium, might 
contribute to the relatively sharp break back to a 
purely thermal decay process. 

The present experiments on the thermal bleaching 
of F centers in NaCl have shown a fast decay followed 
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Fic. 15. Reciprocal of the fraction of F centers thermally 
bleached in a ‘‘thick’”? NaCl crystal vs time with initial concentra- 
tions ~6.5X 10'* cm=*, O—120°C; O—140°C; A—150°C. 


by a slow decay, which, in the absence of knowledge 
concerning conductivity and luminescence effects are 
very difficult to analyze to yield an understanding of 
the mechanisms involved. 


VI. VACANCIES 


To obtain evidence concerning the role of negative 
ion vacancies in the growth and decay of F centers, 
several qualitative experiments were carried out by 
investigating the relationship of the a and 8 bands to 
the F band in KI. The @ band is ascribed'* to the ex- 
citation of an ion adjacent to a negative ion vacancy, 
and the @ band to that of an ion adjacent to an F center. 
Both bands lie in the ultraviolet and are obscured by 
the tail of the first fundamental except at low tempera- 
tures. Even at low temperatures the quantitative deter- 
mination of their intensities is difficult. 

The intensity of the 6 band is roughly proportional 
to that of the F band, both during growth by x-raying 
and bleaching by F light, at 78° and 5°K.'* The a band 
can be developed to some extent by x-raying. However, 
it is also observed in some KI crystals additively 
colored” with excess K and in some KI crystals prior 
to x-raying. Partial emptying of F centers during the 
quenching of the additively colored crystals could 
account for the former case, and divalent negative-ion 
impurities could account for the latter case. It is also 
possible that the appearance of the a band at these low 
temperatures indicates that some single negative-ion 
vacancies have been frozen in from a higher temperature 
equilibrium vacancy concentration. For an x-rayed 
crystal, the largest amounts of a band are observed 
after F band optical bleaching. 

To study the possible formation of negative-ion 
vacancies during x-ray irradiation a KI crystal was 
x-rayed and optically bleached at 78°K. This crystal 
was then cooled to 5°K and x-rayed again. A second 
KI crystal was x-rayed at 5°K for the first time. The 


18 ve Pringsheim, and Yuster, J. Chem. Phys. 19, 574 
(1951); 20, 746 (1952). 


%R. T. Platt, Jr. and J. J. Markham (private communication). 
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rate of growth of the F band for the reirradiation of the 
first crystal was much larger than that for the initial 
irradiation of the second crystal. This result indicates 
that negative ion vacancies may be formed by x-raying 
at low temperatures, and that their concentration may 
be rate determining in the growth of F centers. On the 
basis of this, then, one would expect that the concentra- 
tion of unfilled negative ion vacancies during irradiation 
would be negligible compared with the F center con- 
centration. However, the simultaneous formation of an 
F band and an a band indicates that the concentration 
of unfilled negative ion vacancies is not negligible. The 
destruction of F centers during x-raying may be a pos- 
sible explanation for the presence of these unfilled 
vacancies: 

During the a- and 8-band studies of KI several other 
observations were made. As with KBr,” a large frac- 
tion of the F centers bleach when irradiated with F 
light at 78° and 5°K, and after bleaching there is partial 
dark recovery. A low, wide band at 275 my'® grows at 
low temperatures independent of any x-raying or 
bleaching, and seems to be caused not by an impurity 
in the crystal, but possibly by a surface deposit con- 
densed on the crystal. 

It appeared likely that vacancies could be involved 
in the addition and removal of water from natural rock 
salt crystals as reported by Barnes.”' We found that 
water was readily removed from such crystals by 
heating, as measured by the intensity of absorption at 
~3 yw, but all of our attempts to introduce H,O into 
natural or synthetic crystals were unsuccessful. The 
addition was tried by immersion in liquid H,O under 
various conditions of pH, temperature, and mechanical 
deformation, and by heating in steam in a high-pressure 
bomb. 


® Markham, Platt, and Mador, Phys. Rev. 92, 597 (1953). 
"R. B. Barnes, Phys. Rev. 43, 82 (1933); 44, 898 (1933). 
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VII. CONCLUSION 


It has been possible to minimize the difficulties due to 
nonuniform color center concentrations inherent in 
x-ray colored crystals by making optical absorption 
measurements perpendicular to the direction of x-ray 
penetration. 

It appears that there is approximate proportionality 
between the number of F centers produced and the 
amount of x-ray radiation absorbed for short times of 
exposure. The production of large concentrations of 
both F and M centers after prolonged irradiation as 
well as the low-temperature rate of growth of F centers 
in a crystal previously x-rayed and optically bleached 
indicate that vacancies are created by the x-rays. 

Experimental rates of optical bleaching of F centers 
at low concentrations may be explained on the basis 
of a set of nonlinear differential equations describing 
the transfer of F center electrons to the conduction 
band and trapping of the conduction electrons by holes 
and vacancies. Observations on thermal bleaching, 
however, may not be so interpreted at present. 

We believe that additional understanding of the 
mechanisms involved in the formation and bleaching 
of color centers could be achieved by electrical con- 
ductivity measurements in conjunction with deter- 
minations of growth and bleaching rates. 
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Data from the microwave spectra of all alkali halides excepting LiF, NaF, KF, RbF, and LiCl! are given 
and analyzed in terms of molecular and nuclear constants. These yield internuclear distances and ionic 
radii for the gaseous alkali halides, molecular dipole moments, potential constants including four constants 
for some molecules, amount of covalent character from quadrupole coupling constants and from rotational 
effects, and mass ratios for isotopes of Li, K, Rb, “1, and Br. 


INTRODUCTION 


ECENT advances in microwave spectroscopy at 
high temperatures'? have made it possible to 
obtain the pure rotation spectra of most of the alkali 
halide molecules. With the exception of LiF, NaF, 
KF, RbF, and LiCl, which involved certain experi- 
mental difficulties, experimental results on all the 
(stable) alkali halides are given here and discussed in 
terms of various molecular and nuclear properties. 
Past experimental work on the alkali halides in the 
gaseous state include electron diffraction experiments® 
and molecular beam studies.*~’ The electron diffraction 
results yielded internuclear distances with a stated 1 
percent error, but these have consistently been found to 
be about 3 percent too large. Until quite recently, 
molecular beam experiments on alkali halide molecules 
utilized radio-frequency resonances. The magnetic 
resonance experiments®* gave information concerning 
the nuclear magnetic and electric quadrupole moments, 
and their interaction with the rotating molecule, and 
the more recent electric resonance’ experiments yielded, 
in addition to the molecular hyperfine structure, in- 
formation concerning the electric dipole moment and 
moment of inertia of the molecule. However, these last 
two quantities are not determined with high accuracy 
by the electric resonance technique. The very recent 
molecular beam experiments employing microwave 
frequencies to study pure rotational transitions*-” are 
most similar in scope to the work described in this 
paper, although the techniques are greatly different. 
This type of molecular beam measurement of rotational 
states has been carried out with KCIl,§ KBr,’ and 
RbCl,” where it yielded a considerable amount of 
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precise information, some of which is included in this 
treatment. 

The present experiments on the alkali halides in the 
microwave region provide extremely accurate moments 
of inertia, internuclear distances, and vibration-rotation 
interaction constants. Accurate mass ratios for the Cl, 
Br, Li, K, and Rb isotopes have been obtained. In the 
lighter molecules, the electric quadrupole hyperfine 
interactions and the electric dipole moments have been 
measured. The first part of this paper will deal with the 
experimental results obtained, and later parts discuss 
the theoretical significance of some of the results. 


APPARATUS AND METHOD 


The apparatus for this experiment has been thor- 
oughly described in a previous article." It consists 
essentially of a gold-plated nickel absorption cell 
enclosed in a vacuum chamber. This wave guide can 
be heated to temperatures up to 930°C at present. 
A thin gold-plated nickel strip, hereafter referred to as 
a Stark plate, runs the length of the guide parallel to 
the broad face of the wave guide. An alkali halide salt 
is placed inside the absorption cell which is then heated 
until sufficient vapor pressure of the salt is present to 
produce detectable absorptions of microwave power at 
the resonant frequencies. Application of an oscillating 
electric field between the Stark plate and the guide 
frequency modulates the microwave absorption due to 
molecular resonances, and greatly increases the sensi- 
tivity of the instrument. Application of a steady electric 
field between the Stark plate and the guide provides a 
means of measuring the electric dipole moment of the 
molecule. The details of observing the spectra and 
measuring the frequency are the same as those em- 
ployed in conventional microwave spectroscopy at 
room temperature, and have been thoroughly described 
in other articles.” 

Unfortunately temperatures in excess of the 930°C 
presently attainable are necessary for sufficient vapor 
pressure of LiF and NaF, so the microwave spectra of 
these molecules could not be obtained. For LiCl, KF, 
and RbF, various types of experimental difficulties, 
some of which are related to the high chemical activity 


u Stitch, Honig, and Townes, Rev. Sci. Instr. 25, 759 (1954). 
5S. Geschwind, Annals N. Y. Acad. Sci. 55, 751 (1952). 
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of these molecules, prevented observation of their 
spectra. It is hoped that subsequent work will succeed 
in detection of their spectra. 


THEORY 
A. Energy of a Rotating Vibrator 


The molecular energy levels of a diatomic molecule 
are based upon the model of a rotating vibrator. If one 
assumes a Morse potential function of the form” 


V(r—1.)=D.(1— e819), 


the solution of Schrédinger’s equation gives the usual 
energy level expansion: 


W =w,(0+}) —w.x.(0+-})?+w-y.(0+-4)*+°:- 
4+B.J(I+1)—aJ (J+1)(0+4) 
+I (JI+1) (0+-4)+ +--+ 4+D,F7(J+1) 
—BJ?(J+1)*(0+4)+---, 


where the terms are the familiar band spectra terms” 
and are related to the constants in V(r—r,). (The 
third term on the right-hand side is zero for a Morse 
potential, but is used in the analysis of band spectra.) 
Since the Morse potential] has three independent param- 
eters, only three of the coefficients of the quantum 
numbers in the energy expansion are independent. 
Indeed, the agreement of the interrelations between 
the molecular constants with the experimental values 
of the constants is a measure of the validity of the 
Morse potential. For the alkali halides, the high ac- 
curacy of the measurements obtained warrants the use 
of the Dunham potential," which is a power series 
expansion about the equilibrium internuclear distance 
r, of the form 


The Schrédinger equation has been solved for this 
potential by Dunham and the molecular energy levels 
are given as 


Fy =D Vi(o+})' III +1). 
lj 


The correspondence between the Y;,’s and the ordinary 
band spectra constants can be obtained by comparing 
coefficients of identical] powers of the quantum numbers 
in the energy expansions. 

For a J — J+1 pure rotational transition, the fre- 
quency of the transition is given by 


y= 2V¥on(J+1)+2¥u(J+1) (0+4) 
+2¥n(J+1)(0+$)?+4Vo2(J+1)%, (1) 


4G. H. Herzberg, Molecular Spectra and Molecular Structure. 
I. Spectra of Diatomic Molecules (D. van Nostrand Company, 
Inc., New York, 1952), second edition, p. 101. 

4 J. L. Dunham, Phys. Rev. 41, 721 (1932). 
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to an approximation required by our experimental 
accuracy. The Y,,’s with which we are concerned in 
this present work are: 


YorrD,, 


, 
y 20™ — WeXe, 


V 30~wWeVey (2) 


Yu~—-a, Y o~we, 


Yoa~—Ye; 


and Yo, which is related to the rotational constant 
B, by 

You=B[1+ (61B2/w) }, 
where 


Bor= (V 10? V 21/4 V 01°) + (160 V 20/3 V 01) — 8a,—60;*+4a;', 


and 
a= (Vi ¥ 10/6 01?) — :. 


From a knowledge of Yo, Yio, Yoo, Yin, and Yo, the 
first four coefficients of the power series expansion of 
the potential can be determined. Expressions relating 
the Vim’s to the potential coefficients can be found in 
Dunham’s original paper. 


B. Mass Ratios of Isotopes 


Under the assumption that the potential function is 
the same for different isotopic substitutions in a given 
molecule, very accurate mass ratios can be computed 
from the experimental data. Denoting the two isotopic 
species of molecules by M,X and M2X, the ratio of the 
reduced masses is given by 

pooh, 
)], @ 


Mr (Be)2 (Yoi)e Be fin 
(Os ag BE 
we (Be): (Yo): we? \p2 


and the mass ratio M,/M; is given by 
(41/2) (X/M») 
M,/M,.=—— a, 

X/M2~ps/uo+1 
with a fractional error of 


(41/m2)(X/Mo+1—p1/p2) 








Be A(1—p1/2) 
(X/M:)(X/Mo+1—pi/ps)!° 


where A is the fractional error in the mass X and 6 is 
the fractional error in /pe. 


C. Hyperfine Structure 


Most of the alkali and halogen nuclei have nonzero 
electric quadrupole moments. The interaction between 
the nuclear quadrupole moment and the gradient of the 
electric field at the nucleus is sufficient to account, 
within the experimental error, for all molecular hyper- 
fine structure observed in the present experiments. The 
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Hamiltonian for this interaction is 


—egQ 


H= —— 
21(21—1)(2J —1)(2I+3)J 


(3(1- J+ yl J-PP], 





where Q, the quadrupole moment for the particular 
nucleus concerned, is given by 


Q= (1/e) f o(3e2—P)ddyds, 


and gm is defined as (d?V/d2*),, at the same nucleus. 
The z direction lies along the internuclear axis, and V 
is the electrostatic potential due to all charges outside 
a small sphere surrounding the nucleus. In cases where 
both nuclei have sizeable interactions, the Hamiltonian 
consists of the sum of two expressions of the above form, 
one for each nucleus. 

First-order perturbation theory yields energy levels 
given by 

W = Wot (—egnQ?)f(T,J,F), 


9C(C+1)~1([+1)J (J+) 
21(27—1)(27—1)(2J+3) | 
C=F(F+1)—1([+1)—J (J+), 


SUJ,F)= 


in the case of only one nucleus having an appreciable 
interaction. W» represents the unperturbed molecular 
energy level, and f(/,/,F/) is Casimir’s function, which 
has been tabulated in several places.'® In the few cases 
where the accuracy of the measurements requires con- 
sideration of both nuclear interactions, the energy levels 
are readily derivable by a technique described by 
Bardeen and Townes."® 

In only one case, of all the molecules studied, does 
second-order perturbation theory seem to be needed. 
This is in NaI, where the ratio of egQ;/B, is about 
1/20. Even here, the magnitude of the contribution of 
second-order theory just borders on the magnitude of 
the experimental error. Bardeen and Townes!’ give the 
matrix elements necessary for computing the appro- 
priate energy levels. 

In the heavier molecules, where higher J states were 
considered due to the low-frequency limit imposed by 
a given wave-guide size, no hyperfine structure was 
observed even though eg? may have been of appreciable 
magnitude. A glance at relative intensity tables'* shows 
that for J=5 or higher, J <5/2, over 90 percent of the 
entire line intensity is distributed among F — F+1 
transitions. Also, f(7, J+1, F+1)—f(U,J,F), which is 
proportional to the frequency shift, becomes smaller 
with increasing J. Thus, for J >5, 7<5/2, and an egQ 

15 See, for example, P. Kisliuk and C. H. Townes, J. Research 
Natl. Bur. Standards 44, 611 (1950). 

16 J, Bardeen and C. H. Townes, Phys. Rev. 73, 97 (1948). 

17 J. Bardeen and C. H. Townes, Phys. Rev. 73, 627 (1948). 


18 See H. E. White, /ntroduction to Atomic Spectra (McGraw- 
Hill Book Company, Inc., New York, 1934), p. 206. 
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of the order of 100 Mc/sec (this is a large estimate for 
most of the alkali halides), the total spread of the 
observable hyperfine components would be of the order 
of 1 Mc/sec. Several lines within 1 Mc/sec would not 
be resolved under the conditions of these experiments. 


D. Dipole Moments 


The energy levels for a diatomic molecule in an elec- 
tric field have been discussed by Fano.” There are 
three cases into which the calculations naturally fall. 
Case A: Weak-field case, where nE<egQ; case B: inter- 
mediate-field case where wE is of the same order of 
magnitude as egQ, and case C: strong-field case where 
pwE >egQ. In all of these cases, the quadrupole inter- 
action and electric field energy are small compared to 
B.J(J+1), the rotational energy. All of the molecules 
for which the dipole moments have been measured in 
the work described in this paper fall into case A or 
case C. Case C, the strong-field case, is the simpler one 
to discuss. Here, J is a good quantum number, and the 
electric field splits the energy level into J+1 levels 
corresponding to My values of 0, +1, -+-+J. The 
expression for the energy levels so perturbed is the 
familiar quadratic Stark effect for molecules: 


wk (J+1)—3M?] 


W= Wot - . 
2BI (J+1)(2I—1)(2I+3) 


These levels may now be perturbed by the electric 
quadrupole interaction between J and J. In view of the 
criterion of “‘strong-field” case, i.e., eg0<uE and the 
fact that the electric field splitting is rarely more than 
about 10 Mc/sec for the electric fields used in this 
experiment, the electric quadrupole interaction has not 
been resolved in these cases. 

In the weak field case, J and J combine to form a 
good quantum number F. The electric field then per- 
turbs the degenerate My states. The energy levels in 
this case are given by 

wk? 
W=W,-— 
B 


(3M e—F(F +1). 3D(D— 1)—4F (F+1)J (J+1)] 


2I(J+1)(2J—1) (2J-+3)2F (2F +1) (2F—1)(2F+3) 


where 
D=F(F+1)+J(J+1)—I([+1). 


The differences in energy levels divided by A yields the 
relation between the observed frequency shifts in an 
electric field and the permanent dipole moment 4 of 
the molecule. 

RESULTS 


Tables listing measured lines of the molecules whose 
spectra have been observed are given in Appendix I. 


" U. Fano, J, Research Natl. Bur. Standards 40, 215 (1948). 
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In this section, a discussion of the observed transitions 
and the information derived from them is given. The 
actual values of the molecular and nuclear constants 
appear in the following section, along with other per- 
tinent available data on the alkali halides. 

LiBr 

The J=0-— +1 transition was observed for Li’Br”, 
Li’Br®, and Li*Br® at a temperature of about 680°C. 
Values of Yo:, Yi:, and Yo have been obtained. The 
dipole moment of Li7Br” has been determined for the 
v= state. The electric quadrupole coupling constant 
(eqQ)nr was measured for the »=0 states of both Br 
isotopes and for the »=1 state of LiBr®™. 

The calculated reduced mass ratio yu(Li®*Br*)/ 
u(Li’Br*) was used to make a rough determination of 
the percent ionic character of the bond, in a manner 
identical to that described below for Lil. Since w, is 
not known for LiBr and since it is a quantity necessary 
for the calculation of Yo2 and Bo; which are essential 
for an accurate mass ratio, it had to be extrapolated 
from other existing data. The calculation yields a 
result of 934-35 percent ionic character for the bond. 

Lil 

The J=0— 1 transition was measured for both Li*I 
and Li’I at a temperature of about 600°C. Yo, Yu, 
and Y. for Li’I, and Yo and Y, for Li®I have been 
determined. The dipole moment was measured in the 
v= state. The electric quadrupole coupling constant 
(egQ); has been obtained in the first three vibrational 
states of Li’I and in the first two vibrational states 
of Lil. 

This molecule is an interesting case for comparison 
of mass ratio determinations from microwave spectra 
and from other sources, since this ratio is rather 
accurately determinable in both cases. Furthermore, 
since Li is so light, various small effects such as those 
associated with the position of its valence electron 
and with ZL uncoupling of the electrons should be larger 
than usual and possibly observable. : 

The mass ratio of the atomic Li isotopes (measured 
by C. W. Li ef al.)” from nuclear reaction data is 
0.8573425+-0.0000030. If the Li is in an ionic state in 
Lil, this gives for the ratio of reduced masses 


(u*/1") ion = 0.8637874+0.0000030. 


If the Li carries all its valence electrons as it rotates 
in the Lil molecule (i.e., it is neutral), the ratio of 
reduced masses is 


(u*/u") atom = 0.8637985-+0.0000030. 


It may be seen from Table VII and the discussion below 
that Li in Lil is approximately 90 percent ionic, so 
that the ratio of reduced masses to be expected lies 


*Li, Whaling, Fowler, and Lauritsen, Phys. Rev. 83, 512 
(1951). 
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between the two values above and is 
(u®/u") 1 i: = 0.8637885+-0.0000030. 


The actual ratio obtained from the microwave measure- 
ments is 


(45/7) measured = 0.863 7888+ 0.0000020, 


which is in remarkable agreement with the value ob- 
tained from nuclear reactions. The experimental un- 
certainty corresponds to an error in the mass energy 
of one of the Li isotopes of only about 12 kev. 

The above results may be used in reverse to give a 
measurement of the amount of ionic character of Lil 
from its mechanical properties. The result is 87+35 
percent. Improved measurements of the masses from 
nuclear reactions should allow improvement of the 
accuracy of this result. 

The above result may be slightly in error because of 
some ZL uncoupling in Lil. However, the effect of L 
uncoupling would be to decrease the apparent amount 
of ionic character. Since the ionic character is so near 
100 percent, it is evident that Z uncoupling is not of 
great importance in this molecule. Hence it probably 
gives no appreciable errors in mass ratio measurements 
in the other alkali halides, since their large moments 
of inertia would make LZ uncoupling relatively less 
important. 


NaCl! 


The J=1— > 2 transitions of both NaCl*® and NaCl*” 
were observed at a temperature of about 800°C. Values 
of Yo; and Y,; for both isotopes were obtained. The w, 
was measured by comparing the relative intensities of 
the v=0 line of NaCl*’ and the v=3 line of NaCl**. The 
lines lie very close together in frequency and hence the 
standing wave ratio in the wave guide is fairly constant, 
giving reliability to the relative intensity measure- 
ments. The dipole moment » was assumed to be the 
same in the two vibration states, which is probably a 
fair approximation within the accuracy of the intensity 
measurements. 


NaBr 


The J=1— 2, and the /=2-—>3 transitions have 
been observed for NaBr” and NaBr* at a temperature 
of about 780°C. In addition to the Yo, Yiu, and Yn, 
quantities, the Vo2, or D, was obtained from the two 
J transitions. The quadrupole coupling constant (eqQ) pe» 
was measured in the »=0 state. The (egQ)na, although 
a factor of about 10 smaller than (eqQ)p,, was taken 
into account in interpretation of the observed hyper- 
fine pattern. Accurate measurement of (egQ)p, for 
excited vibrational states or for Br*' were not made 
because of difficulty with the overlap of lines of the 
two Br isotopic species. 


Nal 


The J=2- > 3 transition was observed at a tempera- 
ture of approximately 650°C. The Yo, Yu, and Va 
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were obtained. The F—> F+1 and F—F hyperfine 
components of the transition were completely resolved. 
The quadrupole coupling constants of I for four dif- 
ferent vibrational states were obtained. Effects of 
second order perturbation theory on the hyperfine 
levels were of the same order of magnitude as the ex- 
perimental error, and hence the quadrupole coupling 
constants were determined by a Jeast square fit to 
first-order theory. 


KCl 


The J=0— 1 transition of KCl was observed, but 
no very precise measurements were made because ex- 
tensive data was already available from molecular 
beam experiments. 


KBr 


The J=0->1 transition of KBr had already been 
accurately measured by the method of molecular 
beams,’ and hence no further measurements were made 
of the spectrum of this molecule. 


KI 


Lines from the J=4-— 5, 5—> 6, and 6-+7 transi- 
tions of K*I, and a single line from the J=5—6 
transition of K“I have been observed at a temperature 
of about 690°C. The mass ratio of the potassium iso- 
topes was calculated. Hyperfine structure was evident 


in the J=4— 5 transition, but only a rough measure- 
ment of (egQ); could be made due to the incomplete 
resolution. 


RbCl 


The J=0— 1 transition of RbCl had already been 
accurately measured by the method of molecular 
beams," and hence no further measurements were made 
of the spectrum of this molecule. 


RbBr 


The J=8 — 9 transition was observed at a tempera- 
ture of about 730°C for Rb®Br”, Rb*Br*, and 
Rb*’Br®. Yo, Vii, and Yo: were determined for 
Rb*Br”®, and Yo: and Y;; for Rb®*Br*', and Rb*’Br”. 
A line was also measured for the /=7— 8 transition 
yielding a value of Yo2. The relative intensities of the 
three neighboring lines »=0 of Rb*’Br”, »=0 of Rb®Br®, 
and v=3 of Rb*Br7 were compared and used in con- 
junction with the known value of w, to indicate how 
the dipole moment varies with vibration state. The 
mass ratios of the isotopes of both Br and Rb were 
calculated from the frequencies for isotopic species. 


RbI 


The J=10— 11, 11-—+ 12, and 12-13 transitions 
were observed at a temperature of about 660°C. For 
Rb* I, the values of Yo:, Yi1, Yo. and Yo2 were obtained ; 
for Rb*’I, the values of Yo, and Vy. Relative intensity 
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measurements of the v=0 Rb*’land the »=4 Rb" I pair 
of lines, and of the corresponding v= 1, »= 5 pair of lines 
indicate how the dipole moment varies with vibration 
state. The mass ratio of the Rb isotopes was determined. 


CsF 


The J =1 — 2 transition was observed? at a tempera- 
ture of about 700°C and the constants Yo, Vy:, and 
Y2 evaluated. The dipole moment was measured in 
the v=0 state. 


CsCl 


The J=5 — 6 transition was observed? at a tempera- 
ture of about 720°C. For CsCl, the Yo, Yu, and Ys; 
were determined. For CsCl*’, Vo, and Vy, were ob- 
tained. Measurement of the two isotopic species al- 
lowed a determination of the mass ratio of the two Cl 
isotopes. 


CsBr 


The J=9— 10, 10-11, and 11—+ 12 transitions 
were observed? at a temperature of about 690°C. For 
both CsBr” and CsBr*, Yo;, Yi, and Yo: were deter- 
mined. Yo, was determined for CsBr”, using some of 
the information from the CsBr*' spectra and allowing 
for the dependence of Yo2 on 1/y*. w, was obtained very 
roughly from relative intensity measurements assuming 
no variation of dipole moment with vibration state. 


CsI 


The J=15—+ 16, 16-—>17, and 17 — 18 transitions 
were observed at a temperature of about 640°C. Values 
of Yo, Yiu, Ye1, and Yoo were obtained. 


MOLECULAR AND NUCLEAR CONSTANTS 
OF THE ALKALI HALIDES 


In Tables I and II, most of the available molecular 
data on the alkali halides is included.'~*: #*~° Quan- 
tities in parentheses () were derived from simple 
theoretical relations using directly measured quantities. 
Those in brackets [ ] were obtained by extrapolation 
of other information in the tables. For some quantities, 
such as dipole moments, there have been several deter- 
minations made by different experimenters. The most 
accurate value is listed in the tables, and other values 
are given in the notes accompanying the tables. 


1H. Levi, dissertation, Berlin, 1934 (unpublished). 

2 Pp. A. Tate, Massachusetts Institute of Technology Quarterly 
ag Report, July 15, 1953 (unpublished). 

Barrow and A. D. Caunt, Proc. Roy. Soc. (London) 

Anis, 10 (1953). 

“J. W. Trischka, Phys. Rev. 76, 1365 (1949). 

# R. G. Luce and J. W. Trischka, Phys. Rev. 83, 851 (1951). 

%* J. W. Trischka, Phys. Rev. 74, 718 (1948). 

27 J. C. Schwartz and J. W. Trischka, Phys. Rev. 88, 1085 
(1952). 

*8 Logan, Cote, and Kusch, Phys. Rev. 86, 280 (1952). 

* [,. Grabner and V. Hughes, Phys. Rev. 79, 819 (1950). 

* VY. Hughes and L. Grabner, Phys. Rev. 79, 314 (1950). 
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Taste I. Molecular constants. Quantities in parentheses ( ) were derived from simple theoretical relations using directly 
measured quantities. Those in brackets [ ] were obtained by extrapolation of other information in the tables. 








(-¥u) Yor (¥ 1) (¥ 20) (¥») 
. 7 ve De Wee Te Me 
Mc/sec Mc/sec >/ sec kc/sec cm emt (J el. diff. debye 





LiF 

Livci* 
Lec 
Li*Br™ 19 161 eet 19 “ae (208,75) (868) [109] 


+0.0 
LiiBr® = 16 650, $70 16 651,186 ; (656440) [82] ot. 30.36012 
Li’Br 16 650,002 16 617. 17.617 5 653440 [82] 
Litt 15 381. 31 448 15 381 986 2.5° (6104-20) (69.0) 


+0.0 +0. 
Litt 13 286. 386 13 286, rks : 455 ($1.5) § , 0017 38.04799 2.3919 
+50 +0.0001 
NaF 


NaCl 6536.86 6537.07 ‘ [145] (8.60) } d 77.3331 2.3606 
+0.10 +0.10 +0,0001 

NaCl" (8.24) 

NaBr® 4534.51 4534.52 . 743 d 1.15*! 0.0008" 111.486 2.5020 
+0.10 F +0, +0.0001 

NaBr® . 509.: ‘ 4.13) 


+0.10 +0.10 ; 
Nal . : é J (2.39) 0.75* 0.0014 143,138 2.7115 
Ker +0.035 0.040 aan +0.0001 
ec, 
Kec! a 3856.399 d : o 0.9¢.4 131.08913 2.6666 
+0.007 +0.007 . +0.0001 
K*Ci" a 3746.611 
0.00 


+ +0.007 
Kaci t . 3767.421 


é + 0.007 40, 
K*Br%b . 2434.953 As wr.’ 0.7¢-4 203.4372 2.8207 
+0.007 + 0.007 +0: +0,0001 
K*®Breb ‘ 2415.081 y 


+ 0,007 ; + 
1825.012 03: . 0: 4. $ 277.00945 3.0478 
+0.030 ‘ 


2627.400 d 27 A 192.4077 2.7868 
+0.003 0; : +0,0001 
Rb*C}" * 
Rbeci* * 
Rb™Br® 1424.8342 1424.840 , : AS 3S 354.8006 2.9448 
+0.02 +0.02 p . . +0,0001 
Rb& Bre ‘ 


Rb" Br® 


Rb" I 3 984.3166 2 ; 23 7 2s 513.5883 3.1769 
si +0.012 ; 0: +0.0001 
87 


CsF 2 $527.34 A, 23 91.4603 2.3453 7.874m. 
+0.04 +0,04 J 2 +0.0001 

CsCl 9s 2161208 ; f j 233.9118 2.9062 3. 10.40° 
+0, +0, ; 

CsCl" 


CsBr® P : 1081.3429 4 ' 3.1 —0,27 171¢.! m 467.5039 3.0720 
0.0. +0.02 +-0.08 +0.0001 
CsBr® 


CsI 3 708. 145 ~O.152 1206 i 713.6686 3.3150 
40,0020 . 40,025 +0.0001 





* See reference 21. 
» See reference 22. 
© See reference 23. 
4 Levi (see reference 21) gives the following values for the potassium halides: 


@, (cm™) 
KCl 280 
KBr 231 
KI 212 
© See reference 4. 
' See reference 8. 
® Reference 4 gives values 9.53 and 10.85 debye for the respective dipole moments of KCl and KBr. 


» See reference 9. 
‘ For the molecules NaBr, KI, RbBr, RbI, CsBr, and CsI, values of w. were obtained from the experimental value of Yo2, or De. These values in cm™'! are 


NaBr 235 +60, KI 165 +35, 
RbBr 169+40, RbI 134+15, 
CsBr 143425, CsI 103 +18. 


i Hughes and Grabner (see reference 28) obtain w. = 340 +68 cm™, 

* See reference 10. 

' a (see panies 26) reports w. =270 +30 cm™ from relative intense measurements. 
™ See referen 

® The present yp" yielded a value of 7.85 +0.25 for the dipole moment of CsF. 

© See reference 25. 
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TABLE II. Electric quadrupole coupling constants and dipole moments. 








eqQ/h (Mc/sec) wei (debye) 





Av. over 
vib. state v= 


469.6\¢ 


Tomi 


Molecule o=2 v=0 


LitF (ey 


Tomo 
Li’F +0.408 
Li’Cl +0.192 
Li’Br”® +0,184 
Li’Br® 


Li’Br® 





Li'l 
Li'l 6.64 


+0.20 


— 212.6 
+1.5 
Lil 


NaF 
NaCl 
NaBr 
NaBr”® 
Nal 
Nal 


K®F 
K®Cps 


K®C}* 
K*®Br” 


— 271.03 
+0.20 
— 7.658 


— 267.59 
+0.40 
—7.744 


— 264.52 
+0.65 


—7.828 7.33 


Increase of about 0.8%, 
per vibration 
10. 


10.48 
10.41 


—5.511 
+0.393 


— 5.571 
+-0,237 
—4.915 
+ 12,204 


— 5.622 
+0.075 


— 4,984 9.93 


K®Br” +11.244 
K®*J 
Rb*®F 
Rb®C 
Rb*C}*s 
CsF 
CsCl 
CsCl 
CsI 


— 69.54 — 68.71 
— 52.306 


+0.612 











* See reference 27. 
> See reference 28. 
© See reference 29. 
4 See reference 8. 

* See reference 9. 

! See reference 4. 

© See reference 30. 
b See reference 10. 
i See reference 24. 
i See reference 25. 


GENERAL CONSIDERATIONS CONCERNING 
TREATMENT OF DATA AND THE 
NUMERICAL RESULTS 


The quantities [Y¥ot+2Vo2(J+1)?], Yu, and Ya 
for the molecules investigated in this paper were ob- 
tained from least square fits to Eq. (1), for lines of a 
given J transition. Since in most of the molecules, more 
than three vibrational states were measured, these 
three molecular parameters could be determined some- 
what more accurately than indicated by the errors in- 
volved in individual measurements. The Yo2 and Yo 
values were also obtained from least square fits to Eq. 
(1) for lines from different J transitions but the same 
vibration state. 

In general, the accuracy with which Yo. is deter- 
mined is quite poor, and in many cases it gives rise to 
the principle error in Yo). In calculating the mass ratio 
of two isotopic species, A and B, the ratio Vo.4/Yo," 
enters, and this ratio is quite insensitive to the error 


— 51.903 
+0.470 


11.05 


7.874 7.945 


10.40 





in Yo2. Hence, in Table III, more significant figures in 
the values of Yo, may be listed than might at first 
glance appear warranted, in view of the quoted errors. 
Use of the theoretical dependence of Y;; and Y2 on 
1/u! and 1/y’, respectively, also helps to decrease errors 
in the ratio Yo,4/Yo," and hence in the mass ratio. 
Here yu is the reduced mass. 

From the values of Yo2, the vibration frequencies w, 
can be calculated via the relation w,=[4B//D,]}. 
Thus, values of w, have been determined having ap- 
proximately one-half the percentage error of D,. In 
all but one of the cases where this determination was 
made, the w, agrees within the experimental error with 
the vibration frequencies recently determined by 
Barrow and Caunt.” Nevertheless, our vibration fre- 
quencies are consistently lower than those obtained by 
Barrow and Caunt. Since their method is much more 
prone to large systematic errors than that used here, 
the results obtained by the above method are of value. 
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Tas_e III. Mass ratios of isotopes obtained from the micro- 
wave spectra of alkali halides. An asterisk indicates data from 
measurements by molecular beam techniques. 








Ratio 

0.9459781 4-0.0000030 
0.94598034-0.0000015 
0.97530684-0.0000045 
0.9752999+0.0000065 Rb®Br 
0.9753088-4-0.0000020 K™Br >* 
0.8573423+4-0.0000020 Lil 
0.95122504-0.0000070 KI 
0.9512189+-0.0000015 KCI »* 
0.9770177 4-0.0000045 RbI 
0.97701464-0.0000055 RbBr”® 


Molecule 
CsCl 
K*C] ** 
CsBr 


CH/CH 
CHs/Cr 
Br®/Br® 
Br®/Br® 
Br?/Br™ 
Li®/Li’? 

K*/K# 

K*/K* 

Rb®™/Rb® 
Rb™/Rb® 


* See reference 3. 

» See reference 4. 

In the cases of RbBr and RbI, relative intensities of 
rotational transitions for various vibrational states 
were used to determine roughly the change of dipole 
moment y with vibration. The relative intensity for 
vibration states of excitation », and v2 is given by 
[ (t4y1)®/ (tev2)® ] exp —Aw,(0;—2)/kT], so that the di- 
pole moment ratio can be determined if w, and 7 are 
known. For both RbBr and RbI the data indicate a 
decrease of u with increasing vibration state. 


A. The Potential Coefficients 


The vibration frequency w, and the first anharmonic 
term in the vibration spectra, w,x,, are known for most 
of the alkali halides to within an accuracy of about 
10 percent. These constants, in conjunction with the 
Yo, Vu, and Yq values afford sufficient information 
for the computation of the first four potential coeffi- 
cients in the Dunham expansion. The potential energy 
has been expressed by Dunham in the form 

V = heao€*(1+ai§+a2t+ase+ ---), 
where = (r—r,.)/r, do=w?/4B,, and both B, and w, 
are expressed in cm™. 

The dependence of all the a,’s on the value of w, 
limits the accuracy with which the potential coeffi- 
cients are known. In addition, the errors increase as 
one goes to successively higher terms. Table IV gives 
the coefficients ao, @;, @2, and a3. The quantities @,, 
@z, and @; appearing beside the corresponding a’s are 
explained in the following section. Rough estimates of 
the reliability of the a’s would be as follows: 


Error due to uncer- 
tainty in w,%, 


Error due to uncer- 
tainty in w, 


ae + 
a + 7% 
ay +20% 


a +50% 


+ 8% 
25% 


The values of w, and w,x, used were those given by 
Barrow and Caunt for the K, Rb, and Cs halides, and 
those given by Levi for the Na halides and for Lil. 
The w, and w,x, for Libr were estimated to be 480 
cm~', and 1.7 cm, respectively. Even in cases such as 
CsF and CsBr where Barrow and Caunt’s values appear 
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to be too high, they were none the less used for the 
sake of uniformity. 

The potential constants can be related to the physi- 
cal properties of the molecules. Rittner* has recently 
used an expression for the energy of a completely ionic 
diatomic molecule of the form, 


W (1) = p+ Ae t!?—c! /1®+-fhvo+ (hyo/e™0!*? —1)—4RT, 


where 
e 2 (a; +a2) 2e’a 102 


eae aid 


r 2r' r’ 





’ 


and A is a repulsion constant. Here ¢ is the electro- 
static contribution to the potential energy, a; and az 
are the polarizabilities” of the alkali and halogen ions, 
respectively, p is a repulsion constant, and c’ is a meas- 
ure of Van der Waal’s attractive force between ions. 
If W(r) is expanded about r,, the resulting expression is 


Te 


r—Tre\" r—r.\3 
Wer—r)=C+hoes( — “) +hectto( — “) 


Te Te 


r—r.\' r—r.\° 
+icascs(—"*) +hocsca( ) > 
T. Te 


where C is a constant term of no importance to the 
potential coefficients, and 


Qo= ——}-+ 
he\r, r,' r,° Pd 2p” 


1 fe? 10e(ait+az) 56¢ 
(y= —-} -+-—--—— -+ -—— 


hcao tt. r,' r,5 


1 (- Se’(a;t+az) 21c’ S6eaya, 1r2A | 
sipianatinitiohiens - ————¢~7e!P i 


U 


168e’a 1a@le reA 
wee cece en telp 
r 6p* 


1 fe? 17.5e(aitar) 126’ 
a= -——| > 
hcay Te re r,° 


420e’a 102 r3A 


—_ ——e~relp 
vr." 244 
28e?(ait+az) 252c’ 


1 sé 
a= —|-+ yoni 
hoa T. of r§ 
924e’aja. ~=,°A 
evrele ; 


r,! 120p° 





The agreement of the quantities @;, @2, and @; with 
the experimentally determined coefficients a, a2, and 
a; is a measure of the applicability of Rittner’s expres- 
sion for the energy. For the purpose of calculating Qu, 
Qs, and @;, the experimental values of a; and a2 can 
be used. London® has shown how the Van der Waal’s 
constant c’ can be estimated with the aid of the 

EF. S. Rittner, J. Chem. Phys. 19, 1030 (1951). 

® Values used are those of L. Pauling, Proc. Roy. Soc. (London) 


A114, 181 (1927). See also reference 31. 
*® F. London, Z. Physik 63, 245 (1930). 
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optically determined energy levels of the alkali ions 
and the electron affinities of the halogen ions. 

From the experimental values of w, and r,., both A 
and p can be determined from the equations, 


(dW/dr)r,.=0, 
(?@W /dr*)r.= force constant. 


This determination of course makes @p identical to ap. 
The values computed for @;, @: and @; are listed in 
parenthesis in Table IV for comparison with the ex- 
perimental values. 

The agreement must be considered quite satisfactory 
with the exception of LiBr and Lil. 


B. Electron Diffraction Values of Internuclear 
Distances 


On comparing the r, values obtained by microwave 
spectroscopy with those obtained from electron dif- 
fraction measurements (corrected for the average over 
vibration states*'), it is seen that the electron diffrac- 
tion measurements are consistently larger, in most 
cases by amounts exceeding the experimental error. 
The magnitude of the discrepancy appears to vary 
systematically, being of the order of four percent for 
the lighter molecules, and decreasing progressively for 
the heavier molecules. (See Table I.) A possible reason 
for this discrepancy is a small percentage of dimeriza- 
tion of the vapors. This would not affect any of the 
spectroscopic results, but would make the electron 
diffraction values larger, since in a dimer, one would 
expect the average internuclear distance to be larger 
than that for a monomer. 


Taste IV. Potential coefficients ao, a1, a2, and ay are deter- 
mined from the experimental data. @i, @z, and @s are obtained 
from Rittner’s theoretical expressions. 





(Qs) 





(Qi) as (2) 





) —14 (4+ 1.54) 
) —15 (+ 0.28) 


—31 (— 80 
-16 (— 82 
—26 (—11.0 
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Taste V. Internuclear distances and additivity of ionic radii. 
All distances are in angstrom units. 


I 
XI-XBr_ Inter- 
differ- nuclear 
ence distance 





F cl Br 
Inter- XCI-XF Inter- XBr-XC1 Inter- 
nuclear differ- nuclear differ- nuclear 
distance ence distance ence distance 


Li 2.1704 0.2215 2.3919 


NaH-LiH 
difference 


0.3316 0.3196 


Na 2.3606 2.5020 0.2095 2.7115 


KH-NaH 
difference 0.3060 


K 2.6666 


RbH-KH 
difference 


Rb 2.7868 
CsH-RbH 


0.3187 0.3363 


O.1541 2.8207 3.0478 


0.1202 0.1241 0.1291 


2.9448 0.2321 3.1769 


0.1194 


0.1272 0.1381 
2.9062 3 


difference 
Cs 3.0720 3150 


2.3453 0.5609 











C. Ionic Radii 


It has been found that the sum of assigned ionic 
radii in alkali halide crystals can satisfactorily account 
for the observed internuclear distances in the crystals™ 
if certain factors concerning the crystal environment 
are taken into account. This might suggest a similar 
degree of constancy of ionic bonding radii in the vapors. 
In a former paper,’ this has been investigated for the 
molecules KCI, KBr, CsCl, and CsBr. Table V gives a 
more complete picture of how constant the ionic radii 
are. Variations in the differences r,(X 7,) minus r,(X H2) 
for various alkalis (X’s) or r.(X,H) minus r.(X2H) for 
various halogens indicate deviation from the so-called 
“additivity rule.” 

Schomaker and Stevenson*® have modified the addi- 
tivity criterion by allowing the bond distance to be 
sensitive to the relative amounts of ionic and covalent 
character present. Their modification of the inter- 
nuclear distance depends linearly upon the electro- 
negativity difference, and hence does not affect the 
departure from additivity present in Table V. A quad- 
ratic dependence on the electronegativity difference 
would affect the additivity departure. However, the 
alkali bromide-iodide sequence is inconsistent with any 
simple scheme for modifying the internuclear distances 
that involves only the relative electronegativities. This 
might be expected, since the polarization of the atomic 
electrons plays an important role in determining the 
structure of alkali halide molecules in the vapor state, 
and the polarizabilities vary greatly from one alkali 
or halogen to the next. 

Undoubtedly similar deviations from the additivity 
rule as large as 0.01A or 0.02A exist for other types of 
bonds. However, the alkali halides afford a particularly 
clear case for examination of these deviations, since 


4L. Pauling, The Nature of the Chemical Bond (Cornell Uni- 
versity Press, Ithaca, 1944), second edition, p. 343. 

% VY. Schomaker and D. P. Stevenson, J. Am. Chem. Soc. 63 
37 (1941). 
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Taste Via. Ionic radii in angstrom units. 








Diatomic molecule with 
allowance made for 
polarization and 

d type 
eet No. 2 


0.498 
0.786 
1.041 
1.217 
1.358 


1.100 
1.485 
1.600 
1.778 


Diatomic 
molecule 
Ion set No. 1 


Lit 0.478 
Nat 0.825 
Kt 1,131 
Rbt* 1.251 
Cs* 1.371 


F- 0.974 
6 1.535 
Bro 1.689 
Sag 1.917 


Solid 
crystal 


0.607 
0.958 
1.331 
1.484 
1.656 


1.341 
1.806 
1.951 
2.168 











they are a large group of molecules with essentially the 
same simple type of bond. 

It is of course the great accuracy of microwave deter- 
minations of internuclear distances which allows the 
relatively small deviations from additivity of ionic 
radii to be examined in detail. If precision of only 
about 1 percent is required for internuclear distances, a 
set of ionic radii can be constructed which satisfactorily 
gives internuclear distances for the alkali halides. If a 
standard radius is chosen by Pauling’s method’ for 
KCl, for example, the ionic radii listed in set No. 1 
of Table Vila are obtained. The internuclear distances 
given by the radii are compared with measured values 
in Table VIb. 

If internuclear distances are determined simply by 
an attractive Coulomb potential A/r and a repulsive 
potential B/r”, it can be shown that the internuclear 
distance should be r= (nB/A)"“"-»), In most crystalline 
alkali halides A = é times the Madelung constant 1.748, 
and the repulsion is due to six nearest neighbors. In an 


TasLe VIb. Internuclear distances for the gaseous alkali halides. 








Calculated internuclear 
distance from ionic 
radii of set No. 2, 
Table Via 


1.527 


Observed inter- 
nuclear distance Sum of ionic radii 
in angstrom from set No. 1 
units of Table Via 


1.452 
2.013 
2.1704 2.167 
2.395 


2.3919 
1.799 


2.3606 2.361 (standard) 
2.5020 2.514 
2.7115 2.742 
2.55" 2.105 
2.6666 2.666 (standard) 
2.8207 2.821 as 
3.0478 3.048 (standard) 
2.225 


2.7868 2.787 (standard) 
2.9448 2.941 
3.168 


3.1769 
2.3453 2.345 Secanes 
2.9062 2.906 (standard) 
3.0720 3.060 


3.3150 3.288 


Mole- 
cule 





(standard) 


R2S 
ue 
_— OU" 


sh 
as 


E 


CsF 
CsCl 
CsBr 
CsI 


— 


pat 
& 
NR 


S85 











* Measured roughly by resonance between Stark components with 
molecular beam techniques. (See reference 29.) 


*L. Pauling, reference 34, p. 344. 


isolated molecule, A=e’, and the repulsion is due to 
only one nearest neighbor. To a rough approximation, 
r is, in fact, given by (nB/A)"‘"-»), where n and B are 


‘obtained from available information on solids. How- 


ever, good agreement cannot be expected, since the 
values of r in isolated molecules are considerably dif- 
ferent from those in solids, and the appropriate values 
of m may be different. In an isolated molecule, there is 
an additional attractive potential due to the polariza- 
bility of each ion. Allowing for this attractive inter- 
action, the internuclear distance should be approxi- 
mately r=[nB/A }!“"-) —[4(ai+a2)/(n—1)r7], where 
a and ay are the polarizabilities of the two ions in- 
volved. Allowing for the term —4(a;+<a2)/(n—1)r* 
lessens the agreement between experimental measure- 
ments and predictions of internuclear distance from this 
simple extrapolation of information about the solid 
alkali halides. 

A useful empirical expression for internuclear dis- 
tances of these molecules can be constructed which fits 
the experimental data to an accuracy of about 0.005 A. 
Such an expression is 


r=r,+1r2—0.410[ (a; +a2)/r*] 
+0.175[ (Xr—Xcs)— (X2—X;)], 


where X, and X>» are the electro negatives of atoms 1 
and 2, respectively. The values of 7; and r2 in this ex- 
pression are taken equal to those for the crystal ionic 
radii obtained by Pauling™ multiplied by the factor 
0.820. From the discussion above, the ratio of distances 
in the vapor and crystalline phases may be expected 
to be 


r (vapor) 
r (crystal) 


nB 
(6nB/1.748) 


This ratio equals 0.820 when mu is between 7 and 8, 
which is a reasonable average value for m in the 
solid alkali halides. As is expected, the polarization 
term shortens the internuclear distance. The term in- 
volving the electronegativities is somewhat similar to 
that introduced by Schomaker and Stevenson. It has 
little theoretical justification, especially since the alkali 
halides are almost entirely ionic. However, its intro- 
duction does allow an improved fit to experimentally 
determined internuclear distances. 

Table VIa lists the set of radii (No. 2) which are 
0.820 times Pauling’s radii*’ for solid alkali halides, 
and Table VIb allows comparison between calculated 
and measured internuclear distances. These radii are 
not of great interest in themselves, but they should 
allow fairly accurate estimation of internuclear dis- 
tances of the alkali halides which have not yet been 
measured. 


D. Electric Quadrupole Coupling Constants 


In “ionic” substances such as the alkali halides the 
quadrupole coupling constant is the resultant of several 


*L. Pauling, reference 34, p. 64. 





1/(n—1) 
= (0.29) 14#1), 
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small terms of different signs, and hence it is particu- 
larly difficult to predict theoretically. 

Quadrupole coupling constants of the halogens are 
most easily treated, since for a covalently bonded 
halogen, the single p electron missing from the valence 
shell of the halogen produces a large coupling constant,** 
and in some of the alkali halides the covaent character 
is large enough (although quite small) to make this 
source of coupling dominant. An isolated negative 
halogen ion has zero quadrupole coupling. For covalent 
bonds, coupling constants near —110.4 Mc/sec, 769.8 
Mc/sec, and —2292.4 Mc/sec are to be expected for 
Cl, Br”, and I'?’, respectively (F has zero quadrupole 
moment). Coupling constants for these atoms in the 
alkali halides are very much less than the above num- 
bers, but are always of the same sign. In some cases 
(such as NaI) the coupling constants are large enough 
to indicate fairly clearly that the relatively small co- 
valent character produces the dominant contribution 
to the coupling constant. In others (such as KC]), the 
coupling constants are so small that other effects are 
surely of importance. These include contributions due 
to the electric field of the neighboring alkali, and that 
due to distortions of the valence shell of electrons by 
polarization. 

The quadrupole coupling constants of the halogens 
probably give the clearest available evidence on the 
amount of covalent character in the structure of the 
alkali halides. If the measured coupling constants are 
devided by the coupling constant given above for purely 
covalent bonds, one obtains the results listed in Table 
VII. The covalent character of the alkali halide bonds 
is given approximately by these numbers.* It may be 
noted that in accordance with expectations the co- 
valent character obtained from Table VII decreases 
with increasing electronegativity of the halogens I, Br, 
and Cl. However, Lil appears to be slightly less co- 
valent than Nal from this table in spite of the fact 
that the electronegativity difference between Li and I 
is less than that between Na and I. This may be due to 
effects of polarization or other contributions to the 
coupling constant in the two molecules, or it may simply 
be due to the fact that covalent character depends on 
other variables in addition to the electronegativity dif- 
ference. The smail size of Li, for example, can be ex- 
pected to lower the energy of the ionic state of Lil 
by comparison with that of Nal. 

The results listed in Table VII give further evidence 
that the alkali halides are almost purely ionic. They 
also show, however, that some of the alkali halides 
involving the least electronegativity differences have a 
small amount of covalent character. 

Quadrupole coupling constants for the alkalis are 
more difficult to understand than those for the halogens 
because both the ionic and the atomic states of the 
alkali elements have spherical distributions of elec- 


38 C. H. Townes and B. P. Dailey, J. Chem. Phys. 17, 782 (1949). 
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TaBLe VII. Ratio of quadruple coupling constant for the 
halogens to that due to a single p electron. 








Ratio 


0.0004 
0.013 
0.026 
0.075 
0.113 
0.048 
0.086 


Molecule 











trons and hence zero quadrupole coupling constants. 
The coupling constants observed in the molecule are 
evidently due to distortions or excitations of the elec- 
tron shells about the alkali atoms, and to charges on 
the adjacent halogens. 


E. Electric Dipole Moments 


Table VIII lists the values of the dipole moments 
calculated from Rittner’s*' expression, 


[rte(cr+a2) + 4er crrcre | 
w=er.— a 
7 &—4aja2 


where a; and a are the ionic polarizabilities. The ex- 
perimental dipole moments obtained by molecular 
beams or microwave spectroscopy are also listed, for 
comparison. The calculated values are consistently 
lower, even for the LiBr and Lil, which have con- 
siderable covalent character. The polarizabilities may 
possibly be in error, but it seems more likely that 
the disagreement is primarily because the classical 
model used is not adequate for computing reliable in- 
duced dipcle moments. 


TasLe VIII. Comparison of ap moments calculated from 
polarized ion model with experimental values. 








» calculated » experimental 





LiF 

LiCl 
LiBr 
Lil §.375 


NaF 
NaCl 
NaBr 
Nal 


5.139 6.25 +0. 
6.64 +0. 


7.770 
7.959 
7,993 


85 +0.4 


KF 

KCl 9.180 
KBr 9.576 
KI 9.922 


10.48 +0.03 
10.41 +0.02 
(11.05) 


9.450 
9.925 
9.762 


7.278 
9.363 
9.974 
10.612 


7.874+0.012 
10.40 +0.10 


(12.1) 
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APPENDIX I. MEASURED FREQUENCIES IN MC/SEC FOR MICROWAVE TRANSITIONS 
F THE ALKALI HALIDES 


LiBr: J =0 — 1. 








Transition » =O state v=2 


Li’Br® 





P=3/2— 5/2 32 461.52+0.10 
P=3/2— 3/2 


P=3/2—1/2 


33 130.30+0,10 
33 139.502-0.10 
33 122.44+0.30 


Li?Br®™ 


P= 3/2 5/2 
F=3/2— 3/2 
P=3/2— 1/2 


F=3/2-— 5/2 


Transition 
Fe5/2—-7/2 
FP=5/2— 5/2 
F= 5/2 — 3/2 


F=5/2-+7/2 
P=5/2— 5/2 
P= 5/2 —+ 3/2 


v=0 


26 051,140.75 


25 493,940.75 


33 063.96+0.10 
33 071.5340.10 
33 057.54+0.25 


38 112.7240.10 


Lil: . 


v=0 


26 460.14+-0.10 


26 418.44+0.10 
26 477.882-0.10 


32 729.14+0.10 
32 737.5340.10 
32 722.6040.10 


LitBr™ 


26 217,110.10 
26 173.7240.10 
26 235.652-0.10 


32 397.1340.10 


y=2 

25 975.622-0.20 
25 931.21+0.20 
25 995.48+0.40 


30 620.17+0.10 
30 578.28+0.10 
30 638.104-0.15 


30 317.794-0.20 
30 336.4040.40 








NaCl: J=1 — 2. 








v=2 





25 857.640.75 


NaC}** 


NaCl 
25 307.540.75 


25 666.5+0.75 


25 120.340.75 





NaBr 











Rotational Hyperfine 
transition transition 


Jel—-+2  F=5/2-+7/2\ 
3/2 — $/2) 
Fe 1/2 -> 3/2\ 
5/2 — 5/2) 
F=3/2—+ 3/2 


F=7/2— A 
5/2 7/2 

F=3/2—5/2\ 
1/2 — 3/2) 


F=5/2-+7/2\ 
3/2 — §/2) 
P=3/2— 3/2 


F=7/2—+9/2\ 
5/2 7/2) 

P=3/2— 5/2 
1/2 3/2) 


v=l 





NaBr® 


18 080.130.10 17 968.42+0.20 


18 095.95+0.15* 17 082.54-0.8* 


18 070.07+0.10 
26 952.98+0.10* 


26 956.30+0.30" 


NaBr® 


17 980.48+-0,.20° 17 868.49+0.10 


17 971.0+0.5* 
26 803.55+0.10" 


26 806.32+0.40* 


17 856.57+0.10 


26 785.63+0.10* 26 621.8+0.8* 26 455.8+0.8* 


26 789.5120.30* 


26 639.9+0.8* 26 475.0+0.8* 


26 643.2+0.8* 














* Due to overla 


nated transition. The true line posit ions can be calculated from these. 


of neighboring lines, the above figures do not necessarily represent true line positions, but rather maxima corresponding to the desig- 





MICROWAVE SPECTRA 


Nal: J =2 — 3. 











Transition 


v=0 


v=2 


vy=3 


v=4 





F=9/2— 11/2 
P=7/2— 9/2 
P=5/2— 7/2 
F=3/2— 5/2 
F=1/2-— 3/2 
F=9/2— 9/2 
F=7/2— 7/2 
F=5/2— 5/2 
F=3/2— 3/2 


21 135.35240.20 
21 137.49+0.20 
21 124.58+0.20 
21 111.67+0.20 
21 108.64+0.20 


21 148.85+0.20 
21 141.9340.20 


21 021.50+0.20 
21 008.40+0.20 


20 970.52+-0.20 


20 903.62+0.20 
20 906.05+-0.20 
20 892.92+0.20 
20 879.61+0.20 


20 854,59+-0.20 


same frequencies as 7/2 — 9/2 transitions 


J =4—5 





18 209.77+0,10* 
18 129.61+0.20 


20 917.89+0.20 


J=5-6 


21 851.32+0.10 
21 755.19+0.10 
21 659.38+0.10 
21 563.91+0.10 
21 373.63+0.10 


20 788.73+0.20 
20 791.24+0.20 
20 777.70+0.20 
20 764.43+0.40 


20 738.98+0.20 
20 803.00+0.20 


20 674.43+0.2 
20 676.96+0.2 
20 663.684-0.2 


J =6—7 


25 492.81+0.15 
25 380.71+0.15 
25 268.95+0.15 
25 157.04+0.30 


21 279.07+0.10 
21 184.73+0.10 


SOMWNHeS © 


K"] 
0 21 036.78+0.10 











® The shape of this line was used to obtain (eqQ),. The frequency given is the peak of the line, A secondary maximum occurred at a frequency 18 208,97 
+0.10 Mc/sec. 


RbBr 








Vibration 
state 


Rotational 
transition Rb®Br” Rb*’Br® Rb®™ Bre 








J=8—9 


25 596.03-4-0.10 
25 495.98-4-0.10 
25 396.14-4+0.10 


25 312.99-+0.10 
25 214.65-+40.10 
25 116.57+0.10 


25 268.84+0.10 
25 170.56+0.10 
25 072.63+0.10 


25 296.52+0.10 
25 197.3240.10 


22 752.29+0.10 


J=7—8 0 

















RbI 








Vibration 
state 


Rotational 
transition 


J=12— 13 


Rb" 1 


25 196.0140.10 
25 112.84-4+0.10 
25 029.38-+0.10 


Rb®I 


25 547.524-0.10 
25 462.28+-0.10 
25 377.3340.10 
25 292.65+0.10 
25 207.88-+-0.20 
25 123.45+0.10 
25 038.99:-+-0.10 


23 503.98+-0.10 
23 425.51+0.10 


21 617.584.0.10 








J=11— 12 


oR AMS wWNHK OO 


J=10— 11 


CaF: J=1-— 2. 




















Vibration state Frequency 


22 038.51+0.20 
21 898,.21+0.40 
21 757.58+-0.60 
21 617.09+-0.60 
21 477.5+1.0 
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CsCl: J=5 — 6. 











Vibration state 


CsCi* 


CsCl" 





SCAU Wh © 


25 873,110.10 
25 752.16+0.20 
25 631.58+0.20 
25 511.25-+0.20 
25 390.362:1.40 
25 270.0 +0.6 
25 150.1 +0.6 
25 031.0 +0.6 
24911.2 +0.6 


24 767.86+0.10 
24 654.86+0.30 
24 541.40+0.50 








CsBr 








Vibration 
state 


J =9-—10 


J=10—11 J =11-+12 





21 588.572-0.10 
21 514.48+0.20 
21 440.652-0.20 
21 366.36+0.20 
21 292.40+0.20 
21 218.66+0.20 


SI AWSE WHO 


~ 
= 


21 254.44+0.10 


-anrne 


23 747.17+0.10 
23 665.60+0.20 
23 583.87+0.20 
23 502.95+-0.20 


23 340.26+0.20 
23 259.19+0.20 
23 178,25+0.20 
23 097.97+0.20 


23 379.53+0.10 
23 299.79+-0.20 
23 220.22+0.20 
23 140.61+0.20 
23 061.38+0.20 


25 816.53+0.20 
25 648.95+0.20 
25 550.22+0.20 


25 504.69+0.10 














J =15-—16 


22 632.26-40.10 
22 567.0240.10 





J =16-17 


J =17-18 





24 046.40+-0.10 
23 976.962-0.10 
23 907.704-0.10 
23 838.47+0.10 


25 460.532-0.10 
25 387.04+0.10 
25 313.66+0.10 








APPENDIX II. DATA FOR DETERMINATION OF DIPOLE MOMENTS. 


LiBr 


Data on J=0-> 1, F=3/2 — 5/2, v=0, Li’Br” line. 








Voltage (volts) Frequency (Mc/sec) 





+ 40 
+27.0 
+50.2 


33 130.3040.10 
33 132.0240.10 
33 136.9640.10 





CsF 
Data on J=1 — 2, v=0, line. 








Voltage (volts) 


Frequency (Mc/sec) 





0 


25" 
50* 
75* 


M=0 component 


22 038.51+0.20 
22 034.05+0.30 
22 026.63-0.40 
22 013.68+-0.50 


M=1 component 


22 038.51-0.20 
22 039.892-0.30 
22 047.31+0.40 
22 056.21+-0.50 














Lil 


Data on J=0 — 1, F=5/2 — 7/2, v=0, Li'l line. 


* These are not the true vol 
by direct comparison with the 


, but the dipole moment was determined 
S molecule. The actual voltage is within 


10 percent of the stated values. 


plate, using CH;CI” (J=0- 1, F= 


Calibration of electric field strength in nm vs voltage on Stark 


2— 5/2, K=0 line). 

















Voltage (volts) Frequency (Mc/sec) 





0 26 460.144-0.10 
23.3 26 462.23+0.10 
47.0 26 468.60+-0.20 
70.3 26 478.56+0.20 





Voltage (volts) Frequency (Mc/sec) 





26 179.22+-0.05 
26 179.352-0.05 
26 179.78+-0.05 
26 180.53+0.10 
26 181.58+0.10 
26 184.79+0.10 
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It is shown that when small amounts of impurities are added to argon extra ionization is produced by 
alpha particles moving through the gas. These effects are studied as a function of the ionization potential of 
the added impurity and it is found that the ionization increases even when the ionization potential is much 


higher than the well-known metastable state of argon. 


INTRODUCTION 


T is known that small traces of impurities in some 

of the noble gases greatly increase the amount of 
ionization produced by alpha particles losing their 
energy in the gas.'? Most of the investigations have 
been concerned with helium, and the decrease in the 
value of W (alpha-particle energy divided by number 
of ion pairs produced) was attributed to a discharge 
of the metastable state of the noble gas by an impurity 
which had an ionization potential less than or equal 
to the metastable level. In this reaction the impurity 
was ionized and the resultant ion pairs collected, thus 
lowering the W value. For example, if argon, whose 
ionization potential is 15.7 volts, is added to helium, 
the reaction 

He*+A—He+At+e- 


can take place since the excitation energy of the 
metastable state of helium (He*) is greater than the 
ionization potential of argon. In fact, Biondi’ has 
measured the cross section of this reaction and reports 
1.0 10~'* cm*. Sharpe‘ found an increase in ionization 
when carbon dioxide was added to argon. This increase 
could not be explained by the type of reaction described 
above since the ionization potential of carbon dioxide 
is greater than the metastable state in argon. 


© - ARGON+ CARBON DIOXIDE 
| @~ARGON * ACETYLENE 


vouTs 


win ELECTRON 


a ee 
70 60 50 40 
PERCENT MIKTURE OF ARGON 


Fic. 1. W values for Pu alpha particles in mixtures 
of argon+-carbon dioxide and argon+acetylene. 
1 Jesse, Forstat, and Sadauskis, Phys. Rev. 88, 417 (1952). 
2 T. E. Bortner and G. S. Hurst, Phys. Rev. 90, 160 (1953). 
3M. A. Biondi, Phys. Rev. 88, 660 (1952). 
‘J. Sharpe, Proc. Phys. Soc. (London) A65, 859 (1952). 


In the present work a systematic study of argon was 
made by adding to it other gases in measured per- 
centages and observing their effect on the W value. 
The gases for the argon mixtures were selected to meet 
the requirement of a continuous range of ionization 
potentials from 8.5 ev to 15.7 ev, in order to study the 
effect both above and below the well-known metastable 
state in argon at 11.5 ev. 

A somewhat similar investigation was carried out 
concurrently in Europe by Bertolini, Bettoni, and 
Bisi.® The results for the five gases they studied compare 
favorably with the results of this investigation; how- 
ever, the complete results from this investigation do not 
support their conclusion, namely, that the lower the 
ionization potential of the foreign gas the higher the 
maximum ionization. The five gases for which they 
reported results will support this conclusion, but this 
is not true for other gases, as is shown by Fig. 7. 


EXPERIMENTAL RESULTS ~ 


A description of the apparatus has previously been 
reported. An uncollimated Pu’ alpha source was 
placed in the center of a large parallel-plate ionization 
chamber, and the ionization produced was measured by 
means of an accurately calibrated capacitor, a stable 
high-voltage supply, a vibrating-reed electrometer, and 
a potentiometer. Great care was exercised to assure 
purity of the gases investigated. They were obtained 
in the extra pure form and further purified by fractional 
distillation. In some cases the icnization was measured 
during a continuous gas flow through the chamber. 


ARGON + PROPANE 
4 ~ ARGON FREON i2 


+o > 


ee ne 


LTs 


Wim ELECTRON VO 


30 40 0 20 7) 


10 € 
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Fic. 2. W values for Pu alpha particles in mixtures 
of argon+propane and argon+Freon-12. 


~ 6 Bertolini, Bettoni, and Bisi, Phys. Rev. 92, 1586 (1953). 
* T. E. Bortner and G. S. Hurst, Phys. Rev. 93, 1236 (1953). 
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Fic. 3, W values for Pu alpha particles in mixtures 
of argon+ethane and argon+methane. 
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Fic. 4. W values for Pu alpha particles in mixtures 
of argon+krypton and argon+ethylene. 


In Figs. 1-6 results are given for argon and various 
gas mixtures. The value of W in electron volts per ion 
pair is plotted on the ordinate, and the percent mixture 
of each gas on the abscissa. The percent of argon is 
given at each point; the remaining percentage consists 





0 - 1 | 





29;-—+- 




















Pre im is 


















































40 xO 
PERCENT MIXTURE OF ARGON 


Fic, 5. W values for Pu alpha particles in mixtures 
of argon+ benzene and argon-+-acetone. 
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Fic. 6. W values for Pu alpha particles in mixtures 
of argon+alcohol and argon+ oxygen. 


of the gas indicated. It is interesting to note that large 
increases in ionization occur at very small percentages 
of impurities in argon. Acetylene gives a greater effect 
than any other gas investigated although it has an 
ionization potential much higher than some of the 
other gases. The results shown in these figures are 
believed to be correct to within one-half of one percent. 

Figure 7 is a plot of the minimum W values observed, 
as a function of the ionization potentials of the gas 
component which is added to argon. The numbers in 
parentheses are the percents of the impurities required 
to give the minimum values for W. In the case of 
krypton the plotted “minimum” W value, 24.2, is 
simply the W value at the mixture giving the maximum 
deviation of the experimental curve from a straight 
line drawn through the W values of pure argon and 
pure krypton. 
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Fic. 7. Summary of effects of impurities on minimum W values 
for alpha particles in argon. The numbers in parentheses are the 
percents of the impurities required to give the minimum values 
of W. 


CONCLUSIONS 


Figure 7 indicates that any gas with an ionization 
potential of energy less than 15 ev will produce a de- 
crease in the value of W when added to argon. There 
seems to be little correlation between the ionization 
potential of the gas and the decrease in the W value, 
except that in general the effect is greater if the ioniza- 
tion potential is less than the 11.5-volt metastable level 
in argon. 

There is a possibility that the increase in ionization 
for the cases where the ionization potential is greater 
than the metastable state is due to an excited level in 
argon. Despite the fact that the lifetime of an atom in 
an excited level is short, it makes an appreciable 
number of collisions with other molecules before re- 
turning to thé ground level. Consider a mixture of 
argon (95 percent) and methane (5 percent) at atmos- 
pheric pressure and room temperature. Then if the 
average velocity of the argon atoms is assumed to be 
unaffected by the methane, the number of collisions 





IONIZATION BY 


of the argon atoms with methane molecules would be 
approximately 10° per second per excited argon atom. 
The assumption that the cross section measured by 
Biondi for the destruction of metastable helium by 
argon applies to the argon-methane reaction leads to 
approximately 5X 10° destructions (hence ionizations) 
per second per excited argon. Therefore an excited state 
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PARTICLES IN A 645 
lifetime of only a few microseconds would be long 
enough to explain the observed increases in ionization. 
The generally larger increases in ionization in impurities 
whose ionization potential is less than the 11.5-volt 
metastable state can be attributed to the utilization 
of the energy in the metastable state as well as that 
of the excited state in producing ionization. 
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Hyperfine Structure of Nitrogen* 


Mark A. HeAtpft AND Rosert BERINGER 
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(Received July 23, 1954) 


The magnetic resonance spectrum of the 4S ground state of atomic nitrogen-14 has been observed using 
the microwave absorption method. The magnetic-dipole hyperfine interaction constant is 


A=10.45+0,.02 Mc/sec. 


No evidence was obtained for electric quadrupole interaction. 


INTRODUCTION 


HE observation of magnetic resonance transitions 
between hyperfine sublevels in atoms is useful 
for measuring hyperfine interaction energies and, in 
many cases, for obtaining the nuclear moments as such. 
This is an important technique for evaluating nuclear 
quadrupole moments. The interaction of nuclear 
moments with a single valence electron outside closed 
shells can be calculated quite reliably.' A generally 
successful procedure for obtaining nuclear moments 
from a knowledge of the hfs interaction constants has 
been developed for this case and can be immediately 
extended to the case of a closed shell less one electron. 
The situation with several valence electrons is con- 
siderably more complicated.’ Goudsmit has evaluated 
theoretically the magnetic interaction for special con- 
figurations on LS coupling’; Breit and Wills have treated 
intermediate coupling.’ Trees has developed generalized 
formulas, in terms of Racah’s tensor algebra for com- 
plex spectra, for both the magnetic-dipole and electric- 
quadrupole interactions on LS coupling.® 
In the present investigation the magnetic resonance 
technique has been applied to atomic nitrogen. It was 


* Assisted by the Office of Naval Research and the du Pont 


Company. 

tdu Pont Company Fellow in Physics. Now at Project Matter- 
horn, Princeton University, Princeton, New Jersey. This work 
is part of a dissertation presented to Yale University for the 
Ph.D. degree. 

1H. B. G. Casimir, /nteraction Between Alomic Nuclei and 
Electrons (Teyler’s Tweede Genootschap, Haarlem, 1936). 

? Davis, Feld, Zabel, and Zacharias, Phys. Rev. 76, 1076 (1949). 

3H. Lew, Phys. Rev. 91, 619 (1953). 

4S. Goudsmit, Phys. Rev. 37, 663 (1931). 

5G. Breit and L. A. Wills, Phys. Rev. 44, 470 (1933). 

*R. E. Trees, Phys. Rev. 92, 308 (1953). 


initially hoped that fine-structure and hyperfine- 
structure interaction constants could be measured for 
both the ground and metastable states of the nitrogen 
atom, and that perhaps some estimate of the quadru- 
pole moment of N" could be obtained. However, useful 
analysis of observed spectra is severely limited by the 
presence of considerable configuration interaction in 
nitrogen. Experimental difficulties have prevented ob- 
servation of magnetic resonance spectra from the 
metastable states. Observations in connection with the 
atomic-nitrogen source are, however, of some interest 
in the long-standing problem of “active” nitrogen. 

The ground electronic configuration of the nitrogen 
atom is 2f*, which forms the Russell-Saunders terms 
4S, *D, and *P. The ‘Sy state is the normal ground 
state; the doublet states are metastable. It is well- 
known that the N™ nucleus possesses both magnetic- 
dipole and electric-quadrupole moments. According 
to the nonrelativistic LS coupling formulas of Goudsmit 
and Trees, the magnetic hfs interaction constant for 
the ground state vanishes; the constants for the meta- 
stable states are in the region of 100 Mc/sec. The 
quadrupole interaction vanishes for all states. 

Since nitrogen is a light atom, deviations from LS 
coupling should be very small.’ However, it is well- 
known that the observed electrostatic splittings of the 
ground-configuration terms depart significantly from 
those of LS theory, presumably because of configura- 
tion interaction with 2973p states.* Although the fine- 
structure intervals of the metastable doublet states 
would vanish according to LS coupling theory, small 


7D. R. Inglis, Phys. Rev. 38, 862 (1931). 
*E. U. Condon and G. H. Shortley, Theory of Alomic Spectra 
(Cambridge University Press, London, 1935), p. 198. 
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negative splittings are observed in optical spectra which 
indicate the effects of spin-other-orbit and configuration 
interactions.® 

Some years ago Jackson and Broadway performed 
a Stern-Gerlach experiment in an attempt to measure 
the magnetic moment of the product of a nitrogen 
discharge.”® The trace on their chemical target indicated 
the presence of a component with M;g;=+4, which 
corresponds to the ?P, metastable state. However, they 
were unable to account satisfactorily for the absence 
of any indication of other states, all of which have 
larger Mg values (e.g.,*Py: Mg= +4, +2;4S;: Mg=+1, 
+3). It would also seem that, for any magnetic field 
reasonable in a Stern-Gerlach type of experiment, a 
virtually complete Paschen-Back effect would occur 
for the nearly-degenerate *P, and *P; states (where- 
upon Mg=0, +1, +2) which would invalidate the 
evidence for the presence of the *P; state. In view of 
these inconsistencies, it appears that little confidence 
can be placed in their conclusions. 

With the exception of the atomic nitrogen source, the 
experimental technique used in the present investigation 
was identical to that used in our precision measurement 
of the electron g factor in atomic hydrogen." Atomic 
nitrogen vapor was pumped in a fused-silica tube 
through a 9185-Mc/sec resonant cavity located in a 
modulated, proton-controlled magnetic field. Absorption 
of microwave energy by the atomic vapor was detected 
when the magnetic field was adjusted such that a 
magnetic resonance transition coincided with the 
cavity frequency. 


ATOMIC NITROGEN SOURCE 


The production of atomic nitrogen is intimately 
connected with the phenomenon of “active nitrogen.” 
Nitrogen excited in discharge tubes of certain types 
manifests greatly enhanced chemical activity and a 
yellow glow which persists after the excitation is re- 
moved, under some conditions remaining visible for an 
hour or more. The afterglow consists of certain well- 
known band systems of the neutral nitrogen molecule. 
The mechanism of this afterglow has been the subject 
of extensive investigation for many years. It is well 
established that the essential component of active 
nitrogen is atomic nitrogen, and that the necessity of 
three-body collisions (or chemical reactions) to bring 
about recombination of the atoms is responsible for 
the main features of long life and high energy content. 

In order to explain the selective enhancement of the 
particular band systems present in the afterglow, it is 
necessary to assume that the metastable *D and *P 
atomic states as well as the metastable A*Z,,+ molecular 
state are essential to the process. The theory of Cario 


® Aller, Ufford, and Van Vleck, Astrophys. J. 109, 42 (1949). 

” L. C. Jackson and L. F. Broadway, Proc. Roy. Soc. (London) 
A127, 678 (1930). 

" R. Beringer and M. A. Heald, Phys. Rev. 95, 1474 (1954). 
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and Kaplan” therefore postulated that a considerable 
fraction of the atoms in active nitrogen are in the 
metastable states. An extensive series of experiments 
by Okubo and Hamada, however, indicated that the 
actual concentration of metastable components is very 
small." Cario was able to preserve the energetic func- 
tion of the metastable atoms by assuming them to be 
short-lived intermediate products in a chain of inter- 
actions producing the afterglow. Frost and Oldenberg 
searched unsuccessfully for infrared absorption bands 
due to the metastable molecular state and concluded 
that the metastable components, both molecules and 
atoms, have lifetimes of only a millisecond or less.'® 
There are nonradiative processes of atomic recombina- 
tion in addition to the process producing the visible 
afterglow.'® Indeed, Rayleigh has estimated that only 
about 0.1 percent of the atoms and molecules present 
contribute to the afterglow under the brightest condi- 
tions.'? Oldenberg has recently discussed some aspects 
of the active nitrogen problem.'* 

Active, or atomic, nitrogen is not formed in a high- 
voltage de discharge of the type which is so successful 
for hydrogen." A pulsed rf (electrodeless) discharge” 
or a condensed discharge” is required. The latter is a 
relaxation-oscillator arrangement in which the dis- 
charge tube, sometimes with a series air spark-gap, 
forms the intermittent element. In either type the 
dynamic nature of the process allows high fields to 
exist throughout the discharge tube rather than to be 
concentrated in the small region of the cathode fall of 
a de glow discharge. 

In the present investigation a condensed discharge 
was used to obtain nitrogen atoms in the ground 4S 
state. A high-voltage power supply charged a 5-uf 
capacitor through a 20000-ohm resistor. A long 
U-shaped tube with aluminum electrodes (identical 
to that used in our atomic hydrogen work)" was con- 
nected in parallel with the capacitor; discharge occurred 
about eight times per second. The 5-kv unloaded output 
of the power supply was reduced to a time-average of 
about 3.2 kv at 100 ma with relaxation-oscillator load. 
The walls of the discharge-tube exit tubulation were 
coated with metaphosphoric acid. Rayleigh observed 
that this treatment significantly prolonged the life of 
the afterglow.” 

Tank nitrogen was introduced into the discharge 
tube near the electrodes by means of a reducing valve 
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and capillaries. The pressure of the vapor in the micro- 
wave cacity was of the order of 0.1 mm; the discharge- 
tube pressure was somewhat higher. 

With the arrangement just described, it was found 
that the condensed discharge, after running a few 
minutes, would cease operating unless water vapor was 
introduced by bubbling the input nitrogen through a 
water bottle. Apparently the peak fields available were 
insufficient to initiate discharge in dry nitrogen. Sub- 
sequently the discharge tube was shortened from 1.4 m 
to 0.9m total length to increase the peak field. The 
condensed discharge then operated dependably with 
dry nitrogen, although the intensities of the visible after- 
glow and the magnetic resonance spectrum from the 
4S state were greatly diminished. The original intensi- 
ties were immediately restored and sustained upon in- 
troduction of water vapor. There is considerable evi- 
dence that impurities do have an important effect on 
the characteristics of active nitrogen.” The present 
observation that afterglow and ground-state-atom con- 
centration are dependent on the presence of a signi- 
ficant amount of water does not, however, seem to follow 
from previous results.” The Wood’s-tube condensed 
discharge, with water vapor present, proved to be a 
dependable and copious source of ground-state nitrogen 
atoms. The afterglow was easily visible in the pumping 
line as far as the diffusion pump, about six feet from 
the discharge tube. 

An extensive search was made for magnetic resonance 
spectra from the metastable ?D and *P states, using a 
number of different types of discharge. No trace of 
these spectra was found. It was felt that the most 
promising source used in this search consisted of the 
production of active (i.e., ground-state-atomic) nitrogen 
with the condensed discharge and then subjecting the 
vapor stream to a weak electrodeless discharge of some 
sort immediately preceding the microwave cavity. The 
usefulness of a second discharge was suggested by the 
experiments of Bay and Steiner, who obtained the 
optical spectrum of atomic nitrogen from a second dis- 
charge tube in this manner; the intensity of the atomic 
lines correlated with that of the afterglow in the vapor 
stream emerging from their first discharge tube. The 
proximity of the second discharge to the cavity was 
an effort to utilize short-lived (millisecond) metastable 
discharge products, such as the doublet states. It 
would appear that the input nitrogen should be free 
from impurities, including water vapor, to prolong 
the metastable lifetime.'*’ However, its necessity in 
producing afterglow left unclear the desirability of 
either presence or absence of the water vapor. The 
greatly reduced ground-state spectrum from the “dry” 
condensed discharge could be interpreted as indicating 


# J. Kaplan, Phys. Rev. 54, 176 (1938). 
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that most of the atoms were in the metastable states. 
If so, assuming a total atomic concentration comparable 
to that from the “wet” discharge, then the metastable 
spectra should have been easily observable. It seems 
more reasonable that the dry discharge did not produce 
atoms of any sort so effectively. 

The second discharge was a high-voltage ac trans- 
former with interrupted primary.” The cavity entrance 
sleeve and a turn of heavy wire served as the external 
electrodes. A standard induction coil and a copstant 
amplitude (CW) rf oscillator were also tried. 

No attempt has been made to employ a carried gas, 
such as helium.” The possibility of using a Philips-type 
discharge tube located in the magnetic field and im- 
mediately preceding the microwave cavity has been 
considered as a method of reducing to a minimum the 
transit time between discharge region and cavity. 
While this proposal has not been tried experimentally, 
it seems doubtful that it would prove to be a satis- 
factory source of metastable nitrogen atoms. For our 
present spectrometer we estimate very roughly that a 
concentration of the order of a percent is necessary 
in a given state. 


GROUND-STATE SPECTRUM 


A three-line spectrum arising from the ‘Sy ground 
state of the N“ atom was observed. The lines were of 
equal intensity and width and were equally spaced. 
This spectrum, corresponding to the strong-field (Back- 
Goudsmit) case, indicates a small magnetic hyperfine 
interaction but gives no evidence for electric quadrupole 
interaction. 

For an atom with J=} and J=1 there are twelve 
magnetic sublevels. The first-order strong-field energies 
are given by? 


W (M1Mz)= AMM s+ MogspoH+ Migioll. 


The observed magnetic resonance spectrum consisted 
of the nine transitions of the type AM;= +1, AM;=0. 
In the pure strong-field case these occur as three triply- 
degenerate lines, the separation of which is a measure 
of the magnetic hfs interaction constant A. At some- 
what lower fields the off-diagonal hyperfine interac- 
tions must be included and these degeneracies would 
be removed. Quadrupole hfs would also remove the 
degeneracies. The sign of A cannot be obtained from 
the magnetic resonance spectrum. 

Two major precision runs were made which agreed 
to 1.2 ppm. A constant microwave transition frequency 
v~9185 Mc/sec was maintained throughout a run. 
The magnetic field at which the central line occurred 
was measured as a proton resonance frequency vy~ 

%4T. R. Merton and 
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13.96 Mc/sec. Each of the side lines was separated from 
the central line by a proton frequency 6vy~16 kc/sec. 
The “peak-to-peak” line width” of each line was about 
0.09 gauss (equivalent to 250 kc/sec in transition 
frequency at constant field). The 30-cycle/sec field- 
modulation peak-to-peak amplitude was also 0.09 
gauss. The calculated asymmetry of the side lines about 
the central line due to off-diagonal hfs contributions is 
20 cps in proton frequency, which was not quite 
observable. The calculated splitting of the three nearly 
degenerate components of each of the side lines due to 
this same effect is 40 cps, or ten percent of the observed 
line width. 
We obtained the following results: 


gi ov bvy\? 
-—= |1- (~") +:: | -658.1681..00010, 


Rp Vp Vp 
|A| =6v,(v/vp)=10.45+0.02 Mc/sec, 


ett | B| <0.03 Mc/sec. 


* The spectrometer detector displays essentially the derivative 
of the absorption line-shape ; see Fig. 6 of reference 11. 
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A small correction term arising from the off-diagona] 
hfs interaction has been included in evaluating the 
g-factor ratio. For LS coupling neglecting relativistic 
effects, gy(4SyN) is identical with the electron spin g 
factor. We have not evaluated relativistic corrections. 
Since no evidence for quadrupole hfs was detected, an 
upper limit for the quadrupole interaction constant 
B(=eQq) has been estimated on the basis of line width. 


DISCUSSION 


The formulas of Trees for nonrelativistic LS coupling 
indicate that both the magnetic and quadrupole hfs 
interactions vanish in the 4S state. The observed small 
but nonvanishing magnetic interaction is probably 
due to configuration interaction with 2939 or possibly 
2s2p*3s. The estimated interaction due to slight break- 
down of LS coupling would contribute only a small 
portion of the observed splitting. Configuration inter- 
action problems of this type have been considered by 
Koster and by Sachs.”* 

The authors are grateful to Dr. R. E. Trees for helpful 
correspondence. 
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Microwave Absorption Spectra of MnO,F and ReO,Cl*t 
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The microwave spectra of MnOF and KeO;CI near 1-cm wavelength have been studied. From the spectra 
of the first molecule and its isotopic species Mn(O"),0"*F, the structural parameters were determined as: 


Mn—O=1.586 A, Mn—F=1.724A, Z(O, Mn, F)=108°27’. 


The nuclear quadrupole coupling constant of Mn** was measured as eg?= 16.8 Mc/sec. Because of the spin 
and statistics of-O'* nuclei not all of the rotational states are allowed. It was found that, whereas in the 
ground vibrational states only states with K a multiple of three are permissible, in the excited vibrational 
states of the perpendicular normal modes the states with K —/ a multiple of three can occur. For K=/= +1 
appreciable /-type doubling was observed. The amounts of / doubling and their corresponding values of ar 
were determined for MnO;F. The molecular dipole moment of this molecule was found to be n= 1.5 Debye 
units. The hyperfine structure of ReO;C! gives for the ratio of quadrupole moments of the two abundant 
isotopes of Re a value of Qre'*?/Qre'**= 1,0674-0.045 and for the quadrupole coupling constant of Re!*’, 
eqQ = 253 Mc/sec. This coupling constant and the known optical value of the quadrupole moment of Re'*? 
give some information about the electronic structure of the molecular bonds, from which an approximate 


value of the nuclear quadrupole moment of Mn*5 was obtained as Q=0.55X10™ cm’. 





OLECULES containing the elements Mn and Re 
are not easily obtainable in the gaseous state for 
microwave or electron diffraction study. Partly for this 
reason experimental data on the covalent radii of these 
elements has previously been limited to certain anom- 
alously large radii measured for Mn in crystalline MnS» 
and similar compounds. Isolation! in 1950 of the mole- 
cule MnOSF allowed the microwave measurement of its 
rotational spectrum reported below. This plus the 
microwave spectrum? of ReO;Cl give the first accurate 
determinations of the geometry of bonds of Mn and Re. 
The single stable isotope Mn® has a spin of 5/2 and 
hence a quadrupole moment which produces a hyperfine 
structure in the rotational spectrum giving some infor- 
mation about the value of the quadrupole moment. The 
two isotopes Re!*? and Re'® which occur in nature in 
relative abundance, 61.8 percent and 38.2 percent, 
respectively, also have spin 5/2 and give quadrupole 
hyperfine structure from which a fairly accurate 
measure of the ratio of their two quadrupole moments 
is obtained. 

The spectrometer used for the measurements was a 
Stark modulation type of more or less conventional 
design except for the absorption cell and gas handling 
system. Both molecules MnO;F and ReO,CI are highly 
reactive and rather unstable. Their handling required 
special care which will be described in a subsequent 


paper? . 
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ROTATIONAL SPECTRUM 


The observed spectrum of MnO;F and ReO;Cl show 
clearly that the molecules are symmetric tops. The 
three oxygen atoms are located at the corners of an 
equilateral triangle forming the base of a pyramid with 
the metal at its apex. The halogen is on the symmetry 
axis. 

The allowed rotational transitions of such a molecule 
involve a change of total angular momentum AJ=+1 
with no change of K, the projection of J on the sym- 
metry axis. In the absence of hyperfine structure, the 
frequency of a transition of this kind is independent of 
quantum number K except for a small factor due to 
centrifugal stretching of the molecule, and given by 
v=2B(J+1), where B=h/(8n*/z). Tz is the moment of 
inertia of the molecule about a direction perpendicular 
to the symmetry axis. 

When J is greater than zero, lines due to molecules 
having several different values of K are superimposed. 
The quadrupole interaction mentioned above causes a 
splitting of the rotational lines which depends on the 
absolute value of K.‘ Hence the hyperfine structure may 
be complicated due to the superposition of patterns 
belonging to different K states. However, in the cases 
of Mn(O"*);F and Re(O"*);Cl not all values of K are 
permissible because of the statistics and spin of O"*. 
O'* nuclei have zero spin and follows Bose-Einstein 
statistics so that only those states occur which remain 
symmetric under any permutation of the three oxygen 
nuclei. 

These molecules belong to point group C;,. Since 
permutations of the three oxygen nuclei is isomorphous 
with operations of the point group C;,, totally sym- 
metric wave functions belong to irreducible represen- 


‘J. Bardeen and C. H. Townes, Phys. Rev. 73, 97 (1948). 
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tation of class A. It can be shown’ that, when K is a 
multiple of three, the rotational wave function can be 
reduced to belong to classes A or B of the point group 
Ci». Rotational wave functions with K other than a 
multiple of three are doubly degenerate and belong to 
the irreducible representation of class Z. In the ground 
vibrational state, the total vibrational wave function 
belongs to class A or B according to whether the mole- 
cule is in the symmetric or antisymmetriz inversion 
state. Hence only states with K a multiple of three can 
form total symmetric wave functions and, therefore, are 
allowed. 

In contrast to the ground state, values of K not a 
multiple of three can occur in some excited vibrational 
states. Molecules such as MnO;F have six different 
normal frequencies of oscillation. Three of these cor- 
respond to three pairs of doubly degenerate modes and 
when excited can give rise to internal angular momen- 
tum. These modes are known as perpendicular modes 
and the other three are nondegenerate and known as 
parallel modes. The internal angular momentum for the 


Taste I. Hyperfine structure of MnO,F for the ground vibra- 
tional state and first excited state ».= 1. The experimental errors 
where not indicated are less than 50 kc/sec. 








Calculated 
frequency 
Mc/sec 


Measured 
frequency 


Transition c/sec 


v=0, K=0 


9/2 +—9/2 
5/2 3/2 
7/2 <— 5/2 
11/2 9/2 
9/2 7/2 
7/2<-7/2 
5/2 — 3/2 
5/2 5/2 
1/2 3/2 
3/2 — 5/2 


%=1, K=2 


3/2 — 
1/2~ 1/2 


11/2 — 5/2 
9/2 — 49/2; 3/2— {3 
sa 1/2— 


/2- 


5/2 45/2 





24 777.526 
24 775.949 
24 775.125 
24 774.445 
24 774.250 


24 773.85+0.15 
24 773.505 

24 772.3940.1 
24 771.56+0.1 


24 777.517 
24 775.949 
24 775.117 
24 774.437 
24 774.277 


24 773.984 
24 773.549 


24 772.477 
24 771.589 


24 755.95+0.15 24 736.06 


24 738.20 24 738.22 


24 740.60 
24 741.49 


24 740.62 
24 741.46 


m%=1, le, K=1 


3/2 ¥ 
1/2 1/2 
11/2 —9/2 
9/2 7/2 
7/2«-7/2 
3/2 1/2 
7/2 5/2 
$/2 — 3/2 
9/2 «9/2 


24 768.03 
24 768.40 


24 769.10 


24 768.00 
24 768.38 


24 769.14 


24 769.52 
24 770.71 


24 769.55 
24 770.68 








*G. Hertzberg, Infrared and Raman Spectra r Polyatomic 
Molecules (D. Van Nostrand Company, Inc., New York, 1945). 
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vth excited state of a degenerate mode can take values 
corresponding to the quantum number /, where / is a 
positive or negative integer running by steps of two 
from +2 to —». 

Vibrational wave functions of a pair of degenerate 
normal modes transform in a way which is fairly similar 
to that of the rotational wave function under permuta- 
tations of the three oxygen nuclei. When |/| is a mul- 
tiple of three, this wave function can hence be put in a 
form to belong to classes A or B, but for |/| other than 
a multiple of three it belongs to class Z.° In the latter 
case, this wave function when combined with rotational 
wave function of Z symmetry can furnish wave func- 
tions of classes A and B because the result would have 
symmetry of EXE=A+B+E. Thus values of K not 
a multiple of three become permissible when a doubly 
degenerate mode of class E is excited. An explicit form 
of the transformations of the total rotation-vibrational 
wave functions shows that the criterion for the permis- 
sible states is that |K—/| be a multiple of three. 

In the presence of internal angular momentum, the 
rotational energy levels undergo a first-order Coriolis 
splitting,® (K-type doubling), which in the absence of 
centrifugal stretching is independent of J. The con- 
tribution to the energy levels due to this term is 
2C.{Kl, where C,=h/8n°I,,c, ¢ is the Coriolis coupling 
constant. The two members of this doublet correspond 
to positive or negative signs of the product K/. The 
frequency of the rotational transition is unaffected by 
the presence of this splitting due to the lack of de- 
pendence on J. However, the levels corresponding to 
|K—1| a multiple of three which are the only permis- 
sible values as discussed above, undergo further an 
l-doublet splitting. When K=/=-++-1, the amount of 
splitting®* is given by q,J(J+1), and rotational transi- 
tions are manifested as doublets with separations 
Av=2q:i(J+1) in a transition J+1<—J. For higher 
values of K and /, the / doubling is very small, and the 
splitting of the corresponding rotational lines are unde- 
tectable. 

SPECTRUM OF MnO,F 


The rotational transition J=3— 2 of this molecule 
is particularly suitable for study of hyperfine structure. 
According to the above discussions, in the ground 
vibrational state only K=0 can occur. The first excited 
states of degenerate modes provide transitions with 
K=+1 and K=+2 displaced from the position of the 
ground state transition according to their corresponding 
values of a,. Because of /-type doubling the K=+1 
transitions are manifested as doublets. The two com- 
ponents of each doublet are symmetrically located on 
either side of K=-+-2 transition for the same excited 
vibrational state. The values of a, and the amounts of 
l-type doublings are large enough to prevent any 


6M. Johnston and D. M. Dennison, Phys. Rev. 48, 868 (1935). 
See also reference 12. 
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Fic. 1, The quadrupole hyperfine structure of MnO,F in the rotational transition J =3 <— 2. 


superposition of hyperfine structures arising from dif- 
ferent values of K. 

The hyperfine structure verifies a spin 5/2 for Mn 
and gives eg?=16.8 Mc/sec and Bo=4129.106+0.004 
Mc/sec. In Table I the measured lines for the ground 
vibrational state and the first excited state of one of the 
degenerate modes are listed. In Fig. 1 observed hyper- 
fine structures are compared with the theoretical 
patterns. The hyperfine patterns of the first excited 
vibrational states of the three perpendicular normal 
modes are identical. This indicates that there is no 
detectable change of the coupling constant e7Q in these 
excited states. Table II contains the list of values of a, 
and /-type doubling constants q; for the three degenerate 
norma! modes and a, of one of the nondegenerate modes. 
Also a rough estimate of the normal frequencies of oscil- 
lation is given on the basis of the observed relative 
intensities. 

The second excited states of the perpendicular modes 
and the excited state 1.=1, 15=1 were also observed. 
Since in these cases, the total angular momentum due 
to vibration corresponds to /= +2 or /=0, the allowed 
values of K are K=+2, K=+1, and K =0. 

A recorder tracing of over-all spectra of the excited 
vibrational states of the perpendicular modes discussed 
above appears in Fig. 2. This tracing was taken under 
a low Stark modulation field, hence only lines corre- 
sponding to K=+1 and K=+2 which can show a 
first-order Stark splitting are detected. Since the tracing 
was taken under relatively low resolution conditions, 


only the hyperfine splittings of the K=-:2 lines could 
be seen, these being larger than the splittings of the 
K=-+1 transitions. 


SPECTRA OF Mn(0O"),0'%F AND 
STRUCTURAL PARAMETERS 


The size and geometry of MnO,F depends on three 
independent parameters. They can be taken as the 
distances Mn—O, Mn—F and the angle Z (O,Mn,F). 
The moment of inertial 7, obtained from the B value 
of Mn(O"*);F is not alone sufficient to yield values for 
these parameters. In order to obtain enough experi- 
mental data for determining completely the structure 
of the molecule, the rotational spectrum of the isotopic 
species Mn(O'*),O'%F was examined. Due to the 
presence of O'*, the C3, symmetry of this molecule is 
destroyed, and hence all of the asymmetric rotor 
energy levels are permissible. 

The rotational transition J = 3 « 2 was observed and 
the stronger hyperfine components of the transitions 
which in the limiting case of a symmetric prolate rotor 


TaBLe II. Vibrational and /-type doubling constants and ap- 
proximate normal vibration frequencies of MnO,F. 








a» (Mc/sec) 


6 5.87 
5 — 12.80 
4 14.38 
3 7.77 
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9.81 
16.20 
5.90 


w(cem™) 
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Fic. 2. Recorder —s the J =3 «2 transition of MnO;F under low Stark modulation field. The lines 
t 


are due to tfansitions in 
hig 


correspond to K values of 0, 1 and 2 show patterns 
similar to those obtained for the molecule Mn(O"*),F 
with the same values of K. The difference is mainly in 
a reduction of the spread of these hyperfine patterns 
due to the effect of the asymmetry of the molecule on 
the average gradient of the molecular electric field qy, 
in the direction of J. The molecule is a nearly prolate 
rotor, and the quantity gy, can conveniently be ex- 
panded’* in terms of the asymmetry parameter 
b,= (C—B)/(2A—C—B), where A, B, and C are the 
three rotational constants in decreasing order of mag- 
nitude. For K=1 and K =2 this expansion to the second 
power of } is given by 


K=1, 

qm J(JI+1) 

=———— = |[3- JU) —y 
(J4+1)(23-+3) 2 


fU2) 3 
+ (90*— by) —"—- —ah* f.2II+1)| 
4 128 


K=2, 
{12-19 +1)+ (966m) 


q=——— 


(J+1)(2I+3) 
f(J,3) x) 
x . 


6 


me) 
+ (Won) — } 


where, in the case of a nearly prolate rotor, the upper 
and lower signs correspond to the upper and lower 
asymmetric rotor energy levels, respectively, and 


STn)= Pw I+) 2), qn=0PV/9Z 0", 


( ev eV ) / 
pees Pelee dm. 
OX.¢ Ye 
Z, is the principal axis of the least moment of inertia 
and Y,, is that of the largest. 

7G. Knight and B. T. Feld, Report No. 123, Massachusetts 
Institute of Technology Research Laboratory of Electronics, 


1949), (unpublished). 
* J. Kratchman, J. Chem. Phys. (to be published). 


e excited vibrational states of the perpendicular normal modes of escillation. The 
rm spaes 4 vo is the center of the hyperfine transitions in the ground vibrational state which, because of the 
modulation field requirements for their detection, do not show on this tracing. 


Since the Z,, direction is rotated somewhat from the 
direction of the F—Mn bond due to the asymmetry of 
Mn(O"*),.0'%F, this quantity is consequently smaller 
than that of the Mn(O"*);F, hence the splittings of the 
hyperfine components are smaller for the asymmetric 
molecule. The effect of the terms in ($4?—n) is a slight 
shift and removal of some accidental degeneracies 
which exist especially in the hyperfine splittings of 
K=2 levels. This removal of degeneracy produces only 
a small splitting and shows only as a broadening of the 
absorption lines. 

Table III contains a list of the measured lines, from 
which the three rotational constants can be obtained as 


A=4488.81+0.3 Mc/sec, 
B=4098.088+0.01 Mc/sec, 
C= 3963.5524-0.01 Mc/sec. 


On the basis of these constants, values of eg? and n 
can be calculated from the coupling constant egQ of 
Mn(O"),F by expressing the electric field ‘gradient 
tensor in the coordinate system coinciding with the 
principal axes of the asymmetric molecule. The values 
obtained are ¢gmQ=16.4 Mc/sec, »=0.044. These 
values fit the observed hyperfine patterns, indicating 
that there is no detectable change of the electronic 
structure resulting from a substitution of O'* in the 
molecule. 

The centrifugal stretching of the molecule is small 
and less than experimental error. In terms of the 
limiting case of a symmetric prolate rotor an upper 
limit to the centrifugal distortion coefficient Dyx can 
be given as 10 kc/sec from the relative position of dif- 
ferent rotational transitions in the spectrum. 

The three rotational constants are inversely propor- 
tional to the principal moments of inertia of the mole- 
cule from which three structural parameters can be 
evaluated. The main source of uncertainty on this 
determination is due to the zero-point vibrations.’ 
These cause slight change in the Z (O'’—- Mn—F) angle 


® Townes, Holden, and Merritt, Phys. Rev. 74, 1113 (1948). 
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and Mn—O'* distance compared to Z(O'’—Mn-—F) 
and Mn—O", The available data on the two isotopic 
species can not be used for separately evaluating all 
parameters involving O'* and O'*. However, if it is 
assumed that isotopic substitution affects only the bond 
angle, a fit of the spectrum can be obtained with the 
Z (O'8,Mn,F) angle 2’ smaller than that for O'*. On the 
other hand, if Mn—O bond is assumed to be shortened 
by one part in one thousand due to the substitution of 
O'’ for O'*, then the O—Mn-—F angle must change by 
10’ for the isotopic substitution. 

The best values of structural parameters and errors 
expected from zero-point vibrations are 


Mn—O= 1.586+0.005 A, 
Mn—F=1.724+0.005 A, 
Z(O,Mn,F) = 108°27'+7'. 


These parameters are rather sensitive to slight changes 
in the angle and the distance due to the substitution of 
O'’, However, the projection of the Mn—O distance on 
a plane perpendicular to Mn—F axis is quite insensitive 
to these changes and can be determined more accurately 
as 1.5020 A+0.0001 A. 

We can obtain a value for the covalent radius of 
doubly bonded Mn by subtracting the covalent radius 
of doubly bonded oxygen from our measured bond 
lengths Mn—O. The ionic character of this bond is not 
expected to have a large effect on the bond length; thus 
one obtains the double bond radius for Mn as 1.04 A. 

Since the amount of ionic character of Mn—F bond 
is not known, the single-bond radius of Mn can not be 
determined precisely. However, ignoring ionicity of 
this bond, a radius of 1.08 A is obtained for the single- 
bond radius of Mn. The presence of ionic character in 
the bond shortens the bond length; hence, this value 
should be considered as a lower limit. 

The anomalously large bond radius of about 1.50 A” 
reported for the octahedral radius of bivalent Mn in 
MnS2, MnSes, and MnTe: is in striking contrast with 
our observed bond radii. 

It should be noted that the angle Z (O,Mn,O) is very 
close to a tetrahedral angle obtained ordinarily for 
structurally similar molecules formed by tetravalent 
atoms. 

The degeneracy of a pair of degenerate normal modes 
of oscillation in the molecule Mn(O"*);F is removed 
when one of the oxygens is replaced by O'*. However, 
it is expected that the separation of vibrational levels 
corresponding to such a pair in the molecule Mn(O"*), 
OF is small and of the same order as the rotational 
frequencies, so that appreciable perturbation will occur. 
Hence modified Coriolus interactions and J/-doubling 
effects'' may be observable. Unfortunately, the absorp- 
tion lines due to the molecule Mn(O"*),O'F in the 


L. Pauling, Nature of the Chemical Bond (Cornell University 
Press, Ithaca, 1948). 
"1H. H. Nielsen, Revs. Modern Phys. 23, 90 (1951). 


ABSORPTION SPECTRA 


653 


excited vibrational states were so weak that these 
effects could not be clearly observed. 


DIPOLE MOMENT 


The molecular electric dipole moment uv of MnOF is 
measured by a study of the Stark effect in the transition 
J=3<— 2. Because of the large Stark splitting of the 
lines corresponding te K=+1 and K=+2, it was 
preferred to make the measurements on the transitions 
in an excited perpendicular vibrational mode. The /-type 
doublet with v=1 was chosen for this purpose. The 
change in energy due to Stark effect for each rotational 
level of such a doublet is given by” 


AE=[(AW/2)?-+wE'¢*}!}—AW/2, 


where ¢ is the matrix element of the direction cosine, 
and AW is the separation of the doublet. 

In the absence of hyperfine interaction, there are two 
well-defined Stark components for each member of the 
observed doublet corresponding to My=1 and M,;=2 


TaBLe III. Measured lines of Mn(O"*),0'*F, vo is the frequency 
of the rotational transition after correction for the hyperfine 
splitting. 








: Transition 
‘ta Fey 
11/2 9/2 
9/2—7/2 
7/2<-7/2 


7/2 — 5/2 
5/2 — 3/2 


Measured frequency 
c/sec) vo(Mc/sec) 





23 966.310+-0.040 
313 cates 212 
23 966.710 


23 967.106+-0.040 


24 076.3540.3 


303 — 2o2 


3/2 — 
1/2 \1/2 


3/2 <— 
1/2 


24 181.70+0.150 
322 — 2a 
2 
24 183.704-0.05 24 184.90 


11/2 — 
9/2 — 
7/2 
9/2 — 
7/2— 
5/2— 


5/2— 
3/2 — 43/2 
1/2-— 
11/2 — 
9/2 — 49/2 
7/2— 
9/2— 
7/2— 47/2 
5/2<— 


11/2 — 9/2 
9/2+-7/2 
7/2<—-7/2 
7/2 5/2 
5/2 3/2 
9/2 +-9/2 


3/ 
9/2 
7/ 


2 24 186.85+0.1 


24 292.35+0.08 
24 293.45 


24 295.45+0.1 


24 365.64+0.030 


24 366.33140.060 24 366.05 


24 366.80+0.050 
24 367.89+-0.030 








# R, G. Shulman and C. H. Townes, Phys. Rev. 77, 500 (1950). 
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which under a reasonable amount of electric field can 
be separated appreciably from their allied zero-field 
lines. For fields of this order of magnitude, the nuclear 
quadrupole interaction can be considered approxi- 
mately as a small perturbation and causes a hyperfine 
pattern for each of the Stark components. The main 
sources of error in this measurement were due to an 
incomplete resolution of the hyperfine structure of these 
components which, owing to the inhomogeneity of the 
electric field, are ordinarily broader than the zero-field 
lines, However, the line shapes could clearly be recog- 
nized as those caused by the expected structures and 
their centers measured. The magnitude of the electric 
field was chosen such that the Stark components were 
completely removed from the total range of the hyper- 
fine structure of the zero-field transitions. 

The measurements of the electric field were made by 
a study of the Stark effect in the molecule OCS which 
has a known dipole moment. It was found that, in spite 
of the high instability of MnO,F, it can coexist together 
with the molecule OCS for a reasonable length of time. 
Both samples were admitted simultaneously into the 
wave guide and their Stark splittings studied under the 
same field. 

Table IV contains a list of the measured splittings. 
The values given for each setting of the electric field is 
an average for the Stark splittings of the two members 
of the doublet. From this table we obtain n= 1.5+-0.2 
for the dipole moment of MnO,F. 

All of the measurements on MnO,F were made at a 
temperature of about —60° centigrade. 


CHEMICAL PREPARATION OF Mn(0"*),0'%F 


The details of the preparation of MnO;F appears 
elsewhere.' The O'* was introduced in the following way. 
One gram of KMn(O"*), was refluxed for 42 hours with 
4 cc of H,O'*(5 percent O'*%). Then the water was 
distilled off, and the enriched K MnO, was used for the 
preparation of Mn(O'*),0'*F, For this purpose it was 
reacted with about 1 cc of SO;HF, and the effluent 
MnO, collected in Kel-F traps, Purification was carried 
out by repeated distillation with an excess of enriched 
KMnQ, to remove the last traces of SO;sHF and HF. 


SPECTRUM OF ReO,Cl 


The rotational transitions J=5«-4 and 6+—5 of 
this molecule are studied for hyperfine structure. There 
are two nuclei in this molecule with sizable contribu- 
tions to the quadrupole interaction energy, namely Re 
and Cl. Due to these interactions, spins of both Re and 


Taste IV. Stark splitting of the / doublet, v= 1. 
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Cl nuclei are coupled to the rotational angular momen- 
tum J. Our observation shows that the energy of inter- 
action of the Re nucleus is considerably larger than that 
of the Cl nucleus. Hence to a good approximation the 
energy levels can be designated with quantum numbers 
corresponding to F; and F, where F; is the resultant 
angular momentum obtained by addition of the spin 
of the Re nucleus to the rotational angular momentum 
J and F is that obtained by further addition of the spin 
of the Cl nucleus. The selection rules for allowed 
transitions are AF,;=0 or +1 and AF=0 or +1. 

The hyperfine pattern is complicated by the presence 
of a large number of hyperfine components. Further- 
more, there is an overlap of hyperfine structures due to 
either of the two Re isotopes in both of our observed 
rotational transitions. For example, the isotopic shift 
of the lines corresponding to J=6—5 is 7.4 Mc/sec 
while the spread due to hyperfine structure is about 15 
Mc/sec. The presence of two Cl isotopes does not cause 
any complication since isotopic shift due to Cl is large, 
and the hyperfine patterns are well separated. 

In order to differentiate decisively between com- 
ponents belonging to either of the two isotopic species 
in Re, spectroscopy was done on a small quantity of 
ReO;Cl prepared with Re metal enriched almost to 100 
percent in Re'*’. The observed spectrum of this sample 
for the transition J=6< 5 provided a clear identi- 
fication of those components of the spectrum which 
were due to the Re'*’ isotope. Most of the final measure- 
ments were performed on normal isotopic material. 

From analysis of observed lines a spin 5/2 for both 
Re isotopes is verified and the following constants are 
obtained : 

egQre™ = 25346 Mc/sec, 


eg re = 270+6 Mc/sec, 
eqQc1"= —34 Mc/sec, 
By for Re'*O;!°C}*5= 2094.20 Mc/sec, 
By for Re'8703!°C}*5= 2093.58 Mc/sec. 


In Fig. 3 the observed structure for K=+3 and 
K=0 are compared separately with the theoretical 
patterns. The K=0 lines show Stark effect only to the 
second order. Their presence could conveniently be 
suppressed for the measurements on the K= +3 transi- 
tions, by using relatively low Stark modulation field. 
However, under such a field, often there was unfavor- 
able interference from the Stark components of different 
absorption lines in the pattern. It was necessary to 
adjust separately the amplitude of the Stark modulation 
field for each specific line. This difficulty prevented 
acceptably accurate measurements of some of the com- 
ponents. For example, the K==+3 transitions at about 
25 123 Mc/sec (refer to Fig. 3) were so badly masked by 
the Stark components of the various nearby lines that 
in order to free these transitions from such interferences 
a larger modulation field seemed to be required. How- 
ever, under higher fields, the transition K=0, 17/2 — 
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Fic. 3. The quadrupole hyperfine structure of ReOs 


Cl in the J=6 <5 transition arising trom quadrupole 


couplings of Re and Cl nuclei. The spectrum is a superposition of the transitions originating from the two 


isotopic species in Re. 


15/2 began to show appreciable microwave absorption, 
and thus no accurate measurements of these lines were 
possible. 

For the measurements on the K=0 lines, advantage 
was taken of the extreme Stark sensitivity of K=+3 
transitions. By subjecting the molecules to a dc electric 
field, it was possible to split these lines into Stark com- 
ponents considerably removed from their zero-field 


positions and make measurements on the K=0 transi- 
tions which undergo virtually no splitting. 

As can be seen from Fig. 3, there are frequently 
several lines superimposed within a range of about 500 
kc/sec. In such cases, although a complete resolution 
was not achieved, the line shapes were observed to be 
in agreement with those predicted from the theoretical 
hyperfine pattern. 
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TasBLe V. The measured lines of ReO;Cl, in Mc/sec. The experimental error where not indicated is about 0.1 Mc/sec. 








Reis? 


Experimental 
frequency 


Theoretical 
frequency 


Experimental 
frequency 


Rem J=6-5 


Fie Fi 


Transition 


F’— F 


Theoretical 
frequency 











25 115.37 


25 117.37 
25 117.59 


25 115.33 


25 117.364-0.06 
25 117.664-0.04 


25 124.354-0.06 


25 120.10 25 120.10 


25 126.52 25 126.54 25 134.24 


25 128.15+-0.05 25 128.24 


25 129.47 25 129.40 25 137.40 


25 130.934-0.06 25 131.06 


25 122.03 
25 123.54 


25 122.084-0.05 
25 123.454-0,.20 


25 125,00 25 124.90 25 132.56 


25 125.75 25 124.90 25 133.38 


25 127.034-0.06 25 126.96 


The excited vibrational states of the perpendicular 
normal modes appear at frequencies below 25 110 and 
above 25 140 Mc/sec. A complete resolution of these 
lines was not possible due to additional complications 
of the /-type doublings. However, there were indications 
that the amount of / doubling is considerably smaller 
than that observed in the molecule MnOgF. 

Table V contains a list of the measured lines and 
their theoretical fit. The quadrupole coupling of the Ci 
nucleus is treated as small compared to that of the Re. 

It is expected that a higher-order calculation in the 
treatment of the quadrupole coupling of Cl nucleus 
would improve the error in the evaluation of the Re 
coupling constant from our measured[data. This re- 
quires a complete solution of the secular determinants 
obtained in the Hamiltonian of the quadrupole inter- 
action for the case of two nuclei.‘ However, the effect of 
the Cl quadrupole coupling can be eliminated in a cal- 
culation of the difference of the quadrupole coupling 
constants of the two Re isotopes. One obtains for this 
difference a value of 17+-1.5 Mc/sec, with the coupling 
constant for Re'* larger than that for Re'*’. 

Although complete measurements were not carried 
out on the J=5 «4 transition, the relative position of 
components of hyperfine pattern of this transition 


25 135.82+0.06 


25 138.80+-0.07 


25 129.42+0.08 
25 130.80+4-0.2 


25 134.59+0.07 


K=43 
Bs) 17/2 15/2 
10-9 17/2 15/2 
7-6 17/2-15/2 


(10 §} 17/2152 
SH 8 on—r1 
$7) 15/2— 13/2 

11/2 + 9/2 
15/2 ~ 13/2 


6-5 
11/2+9/2 


25 124.37 


25 134.23 
5-4 
9-8 
6-5 
7-6 
6<—5 
7—6 


Joe) 19/2 11/2 
(87h 13/2 11/2 
K=0 

17/2 — 15/2 
qn 
{5 i 13/2 11/2 


25 135.93 


25 137.29 
25 138.95 


25 129.36 
25 130.97 86 
25 132.47 5-4 11/2-9/2 

§+—4 7/2+5/2 


4+-3 
$13} 2-7/2 


25 133.45 
7-6 
3-2 
\6<— 5 


fa 11/2—9/2 


25 134.59 9/2—7/2 





appears to agree well with the above constants and its 
study gave a helpful check on their values. 

Amble ef al.? have measured the B values of ReO;Cl 
for different isotopic species without a complete solution 
of the hyperfine structure. Our measured values are 
consistant with their results, although their approxi- 
mate evaluation of the Re quadrupole coupling constant 
appears to be incorrect. 

From the interatomic distances given by Amble et al. 
for ReO;Cl, the bond radii for Re can be obtained as 
was done above for Mn. One obtains for the Re double- 
bond radius 1.21 A and for the single-bond radius a 
lower limit of 1.25 A. 

The angle Z(O,Re,O) is very close to the angle 
Z(O,Mn,O) observed in MnO;F indicating structural 
similarity of these two molecules. 

The ratio of the nuclear quadrupole moments of 
Re'® and Re'*’ can be gotten by dividing the values of 
their quadrupole coupling constants giving 


One!” /Ore™ = 1.067+0.045. 


While the quadrupole moment of Re'*’ is known 
satisfactorily from optical data," there is apparently an 
uncertainty in the value of quadrupole moment of the 


"8H, Schuler and H. Korsching, Z. Physik 105, 168 (1937). 
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Re'**,4* The above value of the ratio of these two mo- 
ments fixes a value of 2.8 10-™ cm? for Re'** from that 
of the Re’*’, 

Kopfermann" has suggested an approximate propor- 
tionality of the deviation, du, of magnetic dipole 
moments from the Schmidt limits and the electric 
quadrupole moments in pairs of isotopes of the same 
spin differing by two neutrons. In the case of Re the 
magnetic moments are known for both isotopes and 
their ratio of du is 1.05 which is close to our observed 
ratio of their quadrupole moments and hence ia agree- 
ment with Kopfermann’s relation. The existence of a 
correlation between these two moments can be under- 
stood qualitatively in most cases on the basis of 
approach to strong coupling approximation.'® However, 
such close agreement in this proportionality for the 
case of Re may be purely coincidental. 


MOLECULAR ELECTRONIC STRUCTURE AND 
NUCLEAR QUADRUPOLE MOMENT OF Mn* 


Ordinarily the coupling constant egQ is used for 
estimating Q through an evaluation of g from a reason- 
able assignment of valence electrons to the atomic 
orbitals.'7 However, in these molecules the state of the 
bonding electrons is complex and not well known. The 
valence electrons of heptavalent Mn and Re contain s, 
p, and d orbitals. The possibility of obtaining an elec- 
tronic wave function for the molecular bonds in terms 
of these orbitals is rather unfeasible since little is known 
about the manner in which d orbitals are involved, 
particularly in the formation of double bonds. 

Fortunately, the nuclear quadrupole moments of 
both Re isotopes are known. Hence, knowledge of the 
coupling constants egQ for Re isotopes in the molecule 
ReO;Cl can be used for experimentally determining g 
at the nucleus of Re in this molecule, which in turn 
gives some information about the bonding electrons. 
The value of g obtained in this way is g=1.4X 10" esu. 

The gradient of electric field at the nucleus of Re can 
be calculated for a pure p electron by studying fine 
structure of the optical spectra of Rel.'* Under an 
assumption of an approximate LS coupling, the splitting 
of Z*p° multiplet together with Z°p° can be solved for 
the spin-orbit coupling constant,'* which subsequently 
furnishes the quantity (1/r*) for the 6p electron of Re 
necessary for an evaluation of its g. In this way one 
obtains (1/r’)=21.6X10" cm“, giving 9(p,)=8.13 
X10! esu for a p, orbital (o standing for m=0). In this 
calculation it is necessary to know the effective value 


4 J. E. Mack, Revs. Modern Phys. 22, 64 (1950). 

16H. Kopfermann, Naturwiss. 38, 29 (1951). 

146A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab. 
Selskab. Mat.-fys. Medd. 27, No. 16 (1953). 
ad i H. Townes and B. P. Dailey, J. Chem. Phys. 17, 782 
1949). 

18W. F. Meggers, Bur. Standards J. Research 6, 1027 (1931). 

9H. E. White, /ntroduction to Atomic Spectra (McGraw-Hill 
Book Company, Inc., New York, 1934). 
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of Z near the nucleus. The value used for Zottective is 69 
as suggested by Barnes and Smith.” 

The value of g for a pure d electron can also be ob- 
tained approximately from optical data, which show 
that g due to ad electron is about 25 times smaller than 
that for a p electron (see also reference 17). Although 
the presence of d electrons may effect g through their 
bearings on the population of orbitals, the direct 
contribution of d electrons to the observed gq is, from 
the above, small enough to be ignored. 

The amount of unbalanced p electrons %,,'’ defined 
by g=«,q(p-), can be evaluated by using above values 
of q(p.). One obtains a value of about 20 percent for 
this quantity which is a measure of the deviation of the 
p electrons from an equal population of all orbitals. 
The sign of #, indicates that there is an excess of per- 
pendicular p orbitals, p,, over the p orbitals along the 
symmetry axis p,. The value of #, obtained for ReO;Cl 
can be used to deduce an estimate of the gradient of the 
electric field at the nucleus of Mn in the molecule 
MnOF. 

The chemical and structural similarity of ReO;C! and 
MnO;F discussed earlier, indicate a close similarity 
between their chemical bonds. Hence it is reasonable 
to assume that the atomic orbitals involved in the bond 
formations have more or less the same relative popula- 
tions in both cases so that the same amount of un- 
balanced p electrons u, may be assumed for both 
molecules. 

The gradient of electric field at the nucleus of Mn for 
a pure p electron can be evaluated, as was done in the 
case of Re, from optical fine structure of MnI. One 
obtains (1/r’)=0.9X 10" cm~ for the 4p electrons of 
Mn leading to g(p.)=2.4X10"* esu. The value of this 
quantity for a d electron is estimated as about 25 times 
smaller than that for a p electron indicating that the 
arguments used in this connection in the case of Re 
holds also for Mn. This value of g(p,) together with an 
assumption of 20 percent unbalanced p electron gives 
q=0.45X 10"* esu as an estimate of the gradient of the 
molecular electric field at the nucleus of Mn. 

Using the above value of g and the observed coupling 
constant eg?=16.8 Mc/sec, one obtains a value of 
Q=0.55X 10 cm? for the nuclear quadrupole moment 
of Mn**. The probable error in this result is difficult to 
assess because it depends primarily on the differences 
between Mn and Re bonding orbitals. However, there 
seems to be little reason to doubt the correctness of the 
sign of Q, and probably the value is correct to within a 
factor of two. This value was reported in a short 
abstract several months ago.”' Since then Murakawa 
and Kamei™* have measured this quantity from optical 
hyperfine structure of MnI. Their value is 0.4+0.2, 
which agrees with our result and indicates the validity 
of the approximate calculation used here. 

»*R. G. Barnes and W. V. Smith, Phys. Rev. 93, 95 (1954). 


% Javan, Silvey, Townes, and Grosse, Phys. Rev. 91, 222 (1953). 
™K. Murakawa and T. Kamei, Phys. Rev. 92, 325 (1953). 
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The nucleus of Mn® is one of the exceptions to 
Meyer’s rules for nuclear spin.” This nucleus is thought 
to have 5 protons in f7/2 orbits outside of a closed shell 
which are coupled to a total spin 5/2. The observed 
sign and the exceptionally large quadrupole moment of 
this nucleus is consistent with the expected value of 
such a state. In fact, for all possible spins consistent 
with Pauli’s exclusion principle which one can expect 
from a (fz/2)* configuration, the state of total spin 5/2 
gives the largest positive quadrupole moment. It is 
remarkable that all nuclei which are exceptions to the 
normal shell structure rules for spin have a ground 


™ M. G. Meyer, Phys. Rev. 78, 16 (1950). 
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state with an exceptionally large positive quadrupole 
moment,” as is found here for Mn**. 
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The gamma radiation emitted from Au'” following the electric excitation of the nucleus by protons of 
from 2 to 5 Mev has been studied. The angular distributions and absolute yields of the two intense gamma 
rays of the spectrum at 279 and 555 kev have been measured. The angular distributions of these two gamma 
rays were found to agree well with those calculated for 5/2-+3/2 (M1+ 2) and 7/2-+3/2 (£2) transitions, 
respectively, the excitation being £2 in both cases. The yield from the 279-kev state was observed to increase 
with beam energy in the manner predicted by theory for electric quadrupole excitation. On the basis of the 
Bohr-Mottelson unified model of the nucleus the results indicate a larger than expected cross section for the 
formation of the 555-kev state. Values for the quadrupole moment and magnetic moment of the ground 
state of gold calculated from the cross section for the formation of the 279-kev state agree with spectroscopic 


values. 


INTRODUCTION 


HE low-lying states of Au’ have been accessible 

heretofore through the beta decay of Hg'®’ and 
Pt'*’, and through the decay from the metastable state 
excited by the inelastic scattering of neutrons.'? On the 
basis of the Hg"*’-Au'” decay, Mihelich and de-Shalit 
have proposed a level scheme for gold having excited 
states at 77, 268, 279, and 409 kev, as shown in Fig. 1, 
which is compatible with the observed gamma ray and 
internal conversion electron spectra. The results from 
inelastic neutron scattering indicate that the 409-kev 
state is metastable. Spin assignments of 1/2+ or 3/2+ 
have been made to both the 77- and 268-kev levels. 
Both values are consistent with the available data, 


t Supported in part by the U. S. Atomic Energy Commission. 
A preliminary account of some of this work was given at the 
Austin, Texas and Washington, D. C. meetings of the American 
Physical Society. = ea : 

Now at the University of Florida, Gainesville, Florida. 
t Now at the Bell Telephone Laboratories, Murray Hill, New 


Jersey. 
1 J. W. Mihelich and A. de-Shalit, Phys. Rev. 91, 78 (1953). 
2A. A. Ebel and Clark Goodman, Phys. Rev. 93, 197 (1954); 
Martin, Diven, and Taschak, Phys. Rev. 93, 199 (1954). 


although the 1/2* assignment is preferred for the 77-kev 
state. Some evidence also supports the prediction of the 
shell model that the 279-kev and 409-kev levels are 
dsj. and hy1/2 states, respectively. 

Recent work has shown that the low-energy states of 
gold can also be reached by electric (or Coulomb) ex- 
citation of the nucleus. Using a beam of 3-Mev alpha 
particles Heydenburg and Temmer*® have observed 
gamma rays emitted subsequent to excitation having 
energies of 77, 191, and 279 kev, which can be identified 
as due to transitions between the known levels listed. 
The 191- and 279-kev gamma rays have also been 
found with proton bombardment," and in addition, 
a gamma ray of 555 kev has been reported which is now 
assigned to a new level of that energy.® 

Further study of the gamma radiation due to the 
Coulomb excitation of gold has been undertaken in the 


*N. P. Heydenburg and G. M. Temmer, Phys. Rev. 93, 906 
(1954). 

‘W. I. Goldburg and R. M. Williamson, Phys. Rev. 94, 747 
(1954). 

5 Class, Cook, and Eisinger, Phys. Rev. 94, 809 (1954). 

* Goldburg, Cox and Williamson, Phys. Rev. 95, 628 (1954). 
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work reported here. As has been pointed out,’* this 
method of excitation is particularly suitable for studying 
the collective properties of the nucleus, which are de- 
scribed by the unified mode! of Bohr and Mottelson.** 
According to the model, nuclei in the region of mass 
values removed from closed shell configurations are 
subject to large deformations which result in a spectrum 
of low-lying “rotational” states. Because of these de- 
formations Jarge quadrupole matrix elements are associ- 
ated with the rotational states which cause them to be 
especially susceptible to electric excitation by the E2 
component of the radiation field of the incident par- 
ticle. States due to single particle excitations may, of 
course, appear in addition to those associated with the 
collective motion. 

The rotational states for an even-odd nucleus have 
spins which follow the sequence J= Jo, Jo+1, «++, and 
are at energies 


E,= (h?/29)(1(1+1) —Io(Io+1)], 


where 9 is the effective moment of inertia (proportional 
to the square of the nuclear deformation). A similar 
formula applies for even-even nuclei. Departures from 
this purely rotational spectrum may occur as a result 
of centrifugal distortion and perturbations due to 
neighboring vibrational states. These effects are ex- 
pected to be small for nuclei far removed from closed- 
shell configurations, and this is amply confirmed by 
experiment.?-"! 

In the case of gold, which is close to the magic 
nuclide Pb, the pure rotational model predicts 12:5 for 
the ratio of the energies of the second to first rotational 
states, while the 555- and 279-kev levels which are 
presumably rotational in character, are in the ratio 
of 2:1. This departure can be understood in a semi- 
quantitative way as due to the effects mentioned above. 
However, other features associated with rotational 
levels, such as an appropriate sequence of spin values 
and suitable £2 transition probabilities should be re- 
tained by these states. Experiments pertaining to these 
points are reported on in this paper. By measuring the 
angular distribution of the gamma radiation from these 
levels with respect to the beam, information relating to 
their spins was obtained. The observed functional de- 
pendence of the yield of these radiations on the energy 
of the bombarding particle allowed a check on certain 
of the assumptions in the theory of the excitation 
process to be made; and finally, the measurement of 
the absolute yield permitted a comparison of the ex- 


7T. Huus and C. Zupantit, Kgl. Danske Videnskab. Selskab, 
Mat.-fys. Medd. 28, No. 1 (1953). 
* A. Bohr and B. Mottelson, Kgl. Danske Videnskab. Selskab, 
Mat.-fys. Medd. 27, No. 16 (1953); hereafter referred to as B-M. 
A. Bohr, Rotational States of Atomic Nuclei (Ejnar Munks- 
gaards Forlag, Copenhagen, Denmark, 1954). 
a Ms rs M. Temmer and N. P. Heydenburg, Phys. Rev. 94, 1399 
" F, Asaro and I. Perlman, Phys. Rev. 91, 763 (1953). 
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Fic. 1. Energy level diagram of Au’. The arrows indicate 


transitions observed in Coulomb excitation. Spin assignments are 
taken from reference 1 and the present work. 


perimental values of the reduced transition probabilities 
with those predicted by the unified model. 


APPARATUS AND PROCEDURE 


Targets of gold, 99.95 percent pure," were bom- 
barded with protons accelerated by the Rice Institute 
6.0-Mev Van de Graaff generator. After deflection 
through a 90° analyzing magnet, the resolution of the 
beam was +10 kev, and the absolute energy was known 
to +10 kev. The proton current incident on the target 
was measured with a current integrator of the type 
described by Watt." 

For the yield measurements, a thin gold target was 
used in order to reduce the inaccuracies of the stopping 
power calculation. The target was a gold foil 0.00011 
inch thick (about 300 kev for 2-Mev protons) mounted 
at 45° to the beam. For the angular distribution meas- 
urements, it was possible to use a thick target (0,005 
inch) since the distributions are not very sensitive to 
the beam energy. 

Background radiation presented a serious problem 
throughout the experiment but was especially important 
with the thin target used for the yield measurements. 
In this case, unless the beam was absorbed on emerging 
from the target in such a way as to produce relatively 
little background radiation, the gamma rays under 
examination were obscured. To reduce this background 
the target chamber was constructed as shown in Fig. 2, 
so that the beam was absorbed in lead. Lead was chosen 
because no level is excited by protons in the energy 
range up to 5 Mev. By stopping the beam two feet 
beyond the target-counter position, it was possible to 

4 Based on a spectroscopic analysis. The targets were pre- 

red from gold foil obtained from Baker & Company, 113 Astor 


Street, Newark 5, New Jersey. 
3B. E. Watt, Rev. Sci. Instr. 17, 334 (1946). 
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Fic. 2. The target chamber used for the absolute yield measure- 
ments. A: a 0,0001-inch thick gold target; B: 0.004-inch tin foil; 
C: lead lining; D: a 1-inchX1-inch Nal crystal; E: beam tube. 


take advantage of the inverse square effect to reduce 
the intensity of the radiation at the counter. Further 
shielding was accomplished with a lead block placed so 
as to intercept much of the radiation produced as the 
beam was absorbed. To reduce the bremsstrahlung" due 
to scattered protons in the vicinity of the counter, the 
inner surfaces of the chamber were lined with 0.004- 
inch thick tin foil. The target chamber was located 20 
feet from the analyzing magnet and at this distance the 
accelerator background was negligible. These measures 
reduced the background at E,<4.0 Mev to about 15 
percent of the total intensity of the photopeaks of the 
279- and 555-kev lines. With increasing beam energy, 
the background rose to about 40 percent at £,=5.2 
Mev and at higher energies it prevented significant data 
being obtained. 

The target chamber for the angular distribution 
measurements was a cylinder of copper 2 inches in 
diameter and 6 inches deep, which was mounted with 
its axis transverse to the beam tube. The target and a 
quartz plate used to position the beam were mounted 
on a rod free to rotate and slide along the axis of the 
chamber, and a divided head was provided so that the 
target could be accurately positioned from outside the 
chamber at any desired angle to the beam. The gamma- 
ray counter was mounted on an aluminum platform 
which rotated about an axis carefully aligned to co- 
incide with the axis of the chamber. Background in these 
measurements was chiefly due to bremsstrahlung re- 
sulting from the scattering of the beam in the thick 
gold target. However, the improvement in yield due to 
the greater target thickness caused the problem to 
assume less importance. 

The gamma rays were detected with a conventional 
Nal(TID) scintillation spectrometer which had a resolu- 
tion of 10 percent for 660-kev radiation. Standard elec- 
tronic circuits were used for amplification, pulse-height 
analysis, and recording. The spectrometer was cali- 
brated with gamma rays from Hg™, I", Sn", and 
Cs"? sources. 

The principal problem encountered in analyzing the 
data was in estimating the amount of background to be 
subtracted from the photopeak of the gamma rays 
being measured. This subtraction was guided by data 


“ C, Zupantit and T. Huus, Phys. Rev. 94, 205 (1954). 


on the shape of pure gamma-ray lines. The spectra of 
Hg™ and Cs"? radiations were taken with the sources 
mounted in the target positions of both chambers and 
by making use of the peak to valley ratio, resolution, 
and the location of the upper edge of the photopeak of 
the pure lines the magnitude of the background was 
estimated. Subtraction of the background resulted in 
line shapes for the gold gamma rays which agreed well 
with the pure lines from radioactive sources. Such 
measurements also showed that scattering material 
external to the target chamber had a negligible effect 
on the line shape. In the case of the angular distribution 
measurements, sources mounted in the target position 
made it possible to check the symmetry of the target 
and counter assemblies. 

To make absolute yield measurements, it was neces- 
sary to determine the efficiency of the counter assembly. 
This was done by placing a standardized ['*' source'® in 
the target position under conditions identical to those 
under which the yield data were taken. Appropriate 
corrections were made to take into account the differ- 
ence in the energies of the gamma rays from I" 
and gold. 


RESULTS AND DISCUSSION 


1. Spectrum 


Figure 3 shows the spectrum of radiation obtained 
from a thick target of gold when bombarded with 3.0- 
Mev protons with a 1-mm thick gold absorber used to 
attenuate the target x-rays. Gamma rays having 
energies of 191, 279, and 555 kev can be identified. 
A known gamma ray of 77 kev was obscured in these 
measurements due to the x-rays from Au'®’, while 
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¥ Fic. 3. The pulse-height distribution of gamma radiation fron. 
a thick gold target bombarded with 3.0-Mev protons obtained 
with a Nal crystal using a 1-mm gold absorber. Peaks a, b, and c 
correspond to the gold K x-ray, the Compton edge of the 279-kev 
gamma ray, and a 191-kev gamma ray. 


18 The source was calibrated by the National Bureau of Stand- 
ards and was made available to us by Miss F. Garrett of the 
Radio-isotope unit of the V. A. Hospital, Houston, Texas. 
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possible gamma rays of 276 or 287 kev corresponding 
to transitions between the 555- and 279- or 268-kev 
levels could not have been observed with the available 
resolution. However, a search for gamma-gamma coin- 
cidences in this region showed that less than 5 percent 
of the 279-kev radiation resulted from a cascade from 
the 555-kev level. (This result was also obtained by 
Williamson.*) No evidence was found for a 478-kev 
gamma ray corresponding to a transition between the 
555- and 77-kev levels. Since the 555-kev level is almost 
certainly a spin 7/2 state, as will be shown below, the 
absence of this gamma ray would seem to favor the 
choice of a spin assignment of 1/2 for the 77-kev level 
out of the two possibilities of 1/2, 3/2 allowed on the 
basis of the beta decay measurements.! The transitions 
observed with Coulomb excitation are indicated in 
Fig. 1. Other transitions in either excitation or decay 
are presumably negligible because of the large spin 
changes involved. 


2. Angular Distributions 


It has been shown by Alder and Winther'® that in- 
formation on the spins of electrically excited states can 
be obtained by measuring the angular distribution of 
the subsequent gamma radiation with respect to the 
beam. Figure 4 shows the experimental angular distribu- 
tions obtained for the 279- and 555-kev radiations at 
beam energies of 3.0 and 4.4 Mev, respectively. The 
counter subtended a solid angle of 0.13 steradian and a 
1-mm thick gold absorber was again used to reduce the 
x-ray intensity. The data were corrected for absorption 
in the target (5 mils gold), background and the finite 
angle subtended by the counters. Errors shown in 
Fig. 4 are statistical, but systematic errors due to un- 
certainties in background subtraction could change the 
asymmetries by about 3 percent. 

The angular distribution data were analyzed under 
the assumption that the excitation of the state in 
question occurs by an electric quadrupole transition, 
which is in keeping with the Bohr-Mottelson theory, 
as discussed above. Transitions from the excited state 
may, of course, go by either £2 or M1 radiation or by 
a mixture of these. For Au’®’, which has a ground state 
spin of 3/2, the only states accessible under this assump- 
tion which would result in anisotropic distributions are 
those having spins 5/2 and 7/2. The angular distri- 
bution corresponding to the 7/2-+3/2, E2 transition 
has been calculated at the appropriate beam energy 
using the following expression given by Alder and 
Winther'®: 


W (0) = 1+-a2(£) B2P2(cos0)+ a4(€)ByP4(cos8), (1) 


where the a,(€) are energy dependent factors which 
enter because of the electric character of the excitation 
process, the B, are the gamma-gamma correlation 


16K. Alder and A. Winther, Phys. Rev. 91, 1578 (1953). 
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Fic. 4. The angular distributions of the 279-kev and 555-kev 
gamma rays from gold measured between 0 and 90 degrees to 
the beam. The curves were obtained from least square fits to 
the data. 


coefficients tabulated by Biedenharn and Rose," and 
the P, are the Legendre polynomials.'* Expression (1) 
when evaluated for E,=555 kev and cast in a form 
easily compared with experiment gives 


W (6) = 1+-0.248 cos’?@—0.014 cos? = 1+-0.23 cos’#. 


This distribution is to be compared with W(6)=1 
+0.21 cos*@ obtained by a least squares fit to the data 
for the 555-kev radiation shown in Fig. 4. The agree- 
ment between the calculated and observed distributions 
appears adequate to assign a spin 7/2 to the level. 

The observed negative anisotropy of the 279-kev 
gamma-ray angular distribution obviously excludes the 
possibility of a 7/2-+3/2, E2 transition. Indeed, a 
5/2-3/2, E2 transition is also excluded since this 
leads to a small positive coefficient for the cos’# term, 
and although a 5/2—+3/2, M1 transition gives a nega- 
tive coefficient, the anisotropy amounts to only 7 
percent. However, by considering a mixture of M1 and 
E2 radiations, it is possible to obtain an anisotropy 
compatible with the experimental results for a 5/2-+3/2 
transition. The angular distribution for this case is 
given by 
(0.0365 — 0.3625 —0.07 156?) 


W (0)=1+ eas a a2(£) P2(cos0) 
1+8° 


0.49 
+——ai(t)Ps(cosd), (2) 
1+6? 


7L. C, Biedenharn and M. E. Rose, Revs. Modern Phys. 25 
729 (1953). 

‘8 The error in the coefficients made in neglecting the effect of 
the thick target is small because of the form of the yield curve 
and the slow variation of a,(£) with energy. 
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where & is the ratio of the intensities of M1 and £2 
transitions and can be treated as a parameter to give 
the best fit to the data. 

The experimenta! distribution is W (@) = 1—0.21 cos”, 
and the best agreement between it and theory is 
achieved by assuming &=1.7. The theoretical distri- 
bution is then 


W (0) = 1—0.174 cos’? —0.014 cos‘@ =~ 1—0.19 cos”, 


and the negative coefficient describing the asymmetry 
is a maximum. This value of & which corresponds to 
about 63 percent M1 transitions, when taken together 
with the theoretical K-conversion coefficients’ ax’ 
= (),08(£2) and Bx'=0.50(M1) gives a total conversion 
coefficient of about 0.35 as compared to ~0.3 measured 
by Mihelich and de-Shalit.' It should be noted, how- 
ever, that the calculated distribution is not strongly 
dependent upon &. Values of & from 1 to 3 would lead 
to anisotropies within the range of experimental error. 


3. Yield Measurements 


The cross sections measured for the emission of 
gamma rays from the 279- and 555-kev levels are shown 
in Figs. 5 and 6, and for comparison the theoretical 
yield-curve for excitation by £2 transitions is also 
shown, normalized to the experimental data at about 
4 Mev. The data were corrected for the finite thickness 


of the target and the angular distribution of the radia- 
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Fic. 5. The cross section in millibarns from the 279-kev gamma 
radiation as a function of the energy of the incident protons. The 
theoretical curve which is shown is normalized to the data at 
4.0 Mev. 


® Rose, Goertzel, Spinrad, Harr, and Strong, Phys. Rev. 83, 
79 (1951). 
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tion. Theerrors indicated are due to some arbitrariness in 
the subtraction of background. Systematic errors in the 
absolute calibration of the counter contribute an un- 
certainty of about 20 percent to the scale of the cross 
sections. 

The theoretical yields have been calculated from the 
cross-section formula of Alder and Winther,'* 


on 1 


'B E2 3 

35 Ee (E2)g2(£), (3) 

where Ze is the charge of the target nucleus, » is the 

relative velocity, M is the reduced mass, and B(£2) is 

the reduced electric quadrupole transition probability. 

The definition of the parameter £ of reference 16 has 
been replaced here by the more rigorous definition, 


-*(---), 


in order to improve the agreement with the experi- 
mental data in the low-energy region. Z, is the charge 
of the incident particle and »,, ; are the relative velocities 
before and after the excitation. For excitation energies 
which are small compared to the bombarding energy 
this definition approaches that given by Alder and 
Winther. The factor g2(¢) involves integrals over the 
orbit of the impinging particle which are evaluated 
numerically under the assumption that the path of the 
particle is a classical trajectory. This implies that the 
energy lost in the excitation process must be small in 
comparison to the kinetic energy of the interacting 
particle. 

The agreement observed between the theoretical 
yield and the experimental measurements for the 279- 
kev transition supports the assumption of £2 excitation 
and also indicates sufficient accuracy in the evaluation 
of the trajectory factor. For the 555-kev transition, 
detectable yields occur when the excitation energy is as 
much as 20 percent of the energy of the impinging 
proton, so that a deviation from the theoretical yield 
might be expected at low bombarding energies. This is, 
indeed, observed as seen in Fig. 6 for the range of 
E,<3.5 Mev. That this discrepancy could be due to 
multipole excitation other than £2 is not believed likely 
in view of the results on the angular distribution of this 
radiation. 

To get the total cross section for the excitation of the 
279-kev state, the probability of decay by internal con- 
version must be taken into account. From the experi- 
mentally determined K-conversion coefficient of ~0.3 
and a K/L ratio of 6,' a total cross section of 0.35 mb 
for the excitation of this level at E,=4.0 Mev was 
obtained. The total cross section for the excitation of 
the 555-kev state is 0.26 mb at the same proton energy, 
the correction for internal conversion and decay by 
cascades being assumed negligible. 
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4. Discussion 


From the experimental total cross sections for the 
excitation of the 279- and 555-kev states and the 
theoretical cross section formula (3), the reduced transi- 
tion probabilities B(£2) were calculated. If the states 
are assumed to have rotational character, the B(£2) are 
given by the unified mode! as 





ToTo+1, (4) 


15 0 
B(E2)=—e’0°? ‘ 
renee aes (To+1) (To+2) 


and 





15 

B(E2)=—eO? » IqIot+2, (5) 

8 = (22o+3) (o+2) 
where Qo and Jo are the intrinsic nuclear quadrupole 
moment and spin of the ground state. By using spins 
of 5/2 and 7/2 for the 279- and 555-kev states, respec- 
tively, and the ground state spin of 3/2, Qo has been 
calculated from the above formulas. From the data for 
the 279-kev transition, Qo=1.9X10~-™* cm? has been 
obtained while that from the 555-kev transition yields 
Qo=3.0X10-* cm*. This Qo is related to the spectro- 
scopically measured quadrupole moment Q by 


Q=[Jo/ (To#1) JL (220—1)/(220+3) ]Qo, 


so that the two cross section measurements yield values 
for Q of 0.4X10- and 0.6X10-™ cm’, respectively. 
Recent measurements” of the hyperfine structure of Au 
give 0= (0.56+0.1) X10~-™ cm’. 

Quadrupole moments of other nuclei derived in a 
similar manner from the collective model matrix ele- 
ments have been found to be systematically smaller 
than those obtained from spectroscopic measurements 
(see B-M, VIId, iii). In view of this, the larger value 
of Q deduced from the 555-kev transition data suggests 
that the cross section for the excitation of this state is 
greater than would be expected from the theory. That a 
difficulty exists here is also indicated by the ratio of 
the reduced transition probabilities for the 279- and 
555-kev states which is independent of Qo. From for- 
mulas (4) and (5), B(279): B(555) is expected to be 9:5 
while the experimental ratio is of the order of 1:2. 
A similar comparison for the first two levels of Ta'* 


” W. von Siemens, Ann. Physik 13, 158 (1953). 
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Fic. 6. The cross section in millibarns for the 555-kev gamma 
radiation as a function of the energy of the incident protons. The 


theoretical curve which is shown is normalized to the data at 
4.2 Mev. 





gave excellent agreement between experiment and 
theory.’ 

By making use of the Qo and M1 to £2 ratio deter- 
mined for the 279-kev transition, the ground-state 
magnetic moment of gold was calculated (see B-M, 
IVb and VII 18, 20) to be ~0.13 nm as compared to 
0.13+0.01 nm as measured by the atomic beam 
method." These data also enable the intensity of the 
cascade transition from the 555-kev level through the 
279-kev level to be calculated and compared with the 
intensity of the cross-over transition (see B-M, VII 
18, 19, 20). Seven percent of the decays were computed 
to occur by the cascade route whereas the coincidence 
measurements gave an upper limit of about 5 percent. 

We wish to acknowledge several helpful comments 
by Dr. T. Huus of the Institute for Theoretical Physics, 
Copenhagen, Denmark. 
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The Q values for the (d,p) reactions on some 27 targets whose neutron numbers are around the closed 
shells of 50 and 82 neutrons were determined. The general interpretation of these results and the specific 
application of these results to a variety of problems is discussed. In general, the results show a break of 
approximately 2 Mev at each of the shell edges. The technique used was that of a Nal scintillation spec- 
trometer and is described in some detail. Comparison is also made with previous measurements by different 


techniques. 





I, INTRODUCTION 


HE binding energy of the last neutron B, in many 
nuclei is known from experimental data such as 
(d,p) reaction Q values,! (y,m) thresholds,’ (n,v) experi- 
ments,’ and radioactive decay energies.‘ Much of this 
information is contained in the excellent summaries of 
Way® and Feather.* Despite the large amount of data 
represented in these compilations, one notices that 
there are regions of the periodic table where there is a 
paucity of information, particularly in the vicinity of 
nuclei with 82 or more neutrons. With this in mind, it 
was decided to study a number of (d,p) reactions in 
order to obtain additional values of B,. From a study 
of (d,p) reactions one can also find the mass differences 
between various nuclei, the location of excited states, 
and other information. Following a brief discussion of 
the experimental technique, the results and their 
interpretations will be presented. 


Il. APPARATUS AND EXPERIMENTAL PROCEDURE 
A. Emergent Beam and Electronic Equipment 


The experiments reported here were performed using 
the M.I.T. cyclotron as a source of 15.1-Mev deuterons. 
The beam focusing arrangement, as well as many 
features of the scattering chamber, have been described 
in detail elsewhere.’ The major experimental difference 
between the present experiments and those of Harvey,! 
using the same general apparatus, was in the energy 
measurement technique. Whereas his techniques in- 
volved the use of range-energy measurements, the 
present experiments used a Nal scintillation spec- 


* This work is based in part on material submitted in partial 
fulfillment for the Ph.D. degree at Massachusetts Institute of 
Technology. 

t This work was supported in part by a joint program of the 
U. S. Office of Naval research and the U. S. Atomic Energy 
Commission. 

t Now at the Department of Physics, University of Rochester, 
Rochester, New York. 
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*K. Way (private communication). 

*N. Feather, Phil. Mag. Supplement 2, 141 (1953). 

’ Boyer, Gane, Harvey, Deutsch, and Livingston, Rev. Sci. 
Instr. 3 310 (1951). 


trometer in combination with an absorber of sufficient 
thickness to stop elastically scattered deuterons. 

The scintillation spectrometer was essentially that 
described by Stoddart and Gove,* except that an RCA 
6199 rather than an RCA 5819 photomultiplier was 
used. The high-voltage supply for the photomultiplier 
was the same as the one described by Higinbotham® 
and was stable enough to cause no fluctuations greater 
than 10 kev equivalent of the 10-15 Mev proton energy 
loss in the Nal crystal. The output of the photomulti- 
plier drove a cathode follower adjacent to it. The 
cathode follower signal was then brought out of the 
scattering chamber through a vacuum seal and into a 
highly stabilized inverter and another cathode follower 
preamplifier. This preamplifier fed the 50-foot cable 
carrying the signal from the scattering chamber room, 
through the concrete shielding, to the electronic equip- 
ment area outside. The signal was then amplified by a 
linear amplifier designed by Hugh F. Stoddart of the 
M.L.T. cyclotron group. The basis for this amplifier 
was the non-overloading amplifier described by Chase 
and Higinbotham.” 

Pulse-height measurements were made with a single- 
channel analyzer of the type described by Johnstone." 
External biasing was used so that the bias could be 
“stepped” automatically. The same stepping arrange- 
ment which changed the bias caused the differential 
pulse-height scaling circuit output to go into an appro- 
priate register. The stepping relays performing these 
actions were actuated by the beam monitor reaching a 
predetermined number of counts." The monitor con- 
sisted of another scintillation counter which could 
could either see the same area of the target as the 
spectrometer, or could be placed in such a position so 
as to see the elastically scattered deuterons from a thin 
gold foil near the beam catcher. In either case, the 
entire beam target area was seen by the spectrometer 
and the monitor. The output of the monitor counter 
was scanned with an integral discriminator and then 


5H. F. Stoddart and H. E. Gove, Phys. Rev. 87, 262 (1952). 
®W. A. Higginbotham, Rev. Sci. Instr. 22, 429 (1951). 
( ”R. Chase and W. A. Higinbotham, Rev. Sci. Instr. 23, 34 
1952). 
1 C. W. Johnstone, Nucleonics 11, 36 (1953). 
M.1.T. Laboratory for Nuclear Science Progress Report, 
November 30, 1952 (unpublished). 
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set below the pulse height corresponding to elastic 
deuterons. The discriminator could be varied over a 
large range without significant changes in the counting 
rate; that is to say, the monitor was insensitive to small 
changes in energy or amplification. 

The various scaling circuits used are those described 
in reference 7. 


B. Targets 


For most of the nuclei studied in these experiments, 
thin (10-20 mg/cm’) metallic or elemental foils could 
not be obtained easily. In addition, since it was desired 
to study a large number of separated isotopes," it was 
necessary to have the targets in a readily recoverable 
form. Therefore, a compound of the element to be 
studied containing only carbon, hydrogen, or oxygen 
was ground to a fine powder and mixed with a solution 
of polystyrene dissolved in benzene. This slurry was 
then spread onto a glass plate and allowed to dry at 
room temperature. The resulting foil could then be 
peeled off the glass with a razor blade." 

The reason for using only compounds of carbon, 
hydrogen, or oxygen lies in the fact that these elements 
are practically monoisotopic and the abundant isotopes 
have ground-state ( values lower than most of the 
nuclei studied. In addition, these nuclei are lighter than 
any of those studied so that the proton groups corre- 
sponding to levels of the same Q value, of the elements 
studied, had higher energy in the laboratory frame of 
reference. 


C. Q-Value Determinations 


The ratio of the pulse heights corresponding to the 
maxima of the spectra of the clearly resolved ground 
and first excited states of C was measured in order to 
determine the beam energy as well as the relationship 
between energy and pulse height rapidly and precisely.’ 
By assuming a set of beam energies and calculating this 
ratio by means of the Q equation for each assumed 
energy, one could find the ratio corresponding to the 
actual beam energy. Then, knowing the beam energy 
as well as the target thickness, angle of counter, and 
absorber thickness, one can calculate the energy lost in 
the crystal by the ground-state proton group. The 
absorber thickness as well as the other factors just 
mentioned are also considered in ratio calculation. 

The actual analysis of the pulse-height data is carried 
out in the following manner. From the pulse-height 
measurement we can find the proton energy loss in the 
Nal crystal. With the range-energy curves of Smith’® 
as modified by Harvey' it is possible to calculate the 
proton energy when the particles leave the target. 
Then, using the relative stopping powers as measured 


'* These isotopes were supplied by the Staple Isotopes Division, 
Oak Ridge National Laboratory. 
4N. S. Wall and J. W. Irvine, Jr., Rev. Sci. Instr. (to be 
published). 
( 1b e. Ajzenberg and T. Lauritsen, Revs. Modern Phys. 24, 321 
1952). 
16 J. H. Smith, Phys. Rev. 71, 39 (1947). 
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by Harvey' and knowing the deuteron beam energy, 
one can calculate both the proton and deuteron energies 
at the center of the target. Knowing these particle 
energies at the centers of both targets, one can calculate 
the unknown Q value relative to that of a reference 
target, from the equation 


Q.-0,= (Epz— Ep,) = ( Ka,—- Ea,) 
(Ep, +2Ea;z) (Epp+ 2Kad,) 
+- ee - 


A, Ay 
[— cos0, (2Ep,Ea,)* a] 
—- 2] ——_— ae — ’ : 
A, A, 


where E, and £4 refer to proton and deuteron energies, 
the subscripts x and r refer to the unknown and known 
Q-value groups, respectively, A is the mass of the 
residual nucleus, and @ is the angle of the detector with 
the incident beam. 

In order to minimize the effect of any systematic 
errors, the present measurements were made by com- 
paring the proton groups from the nucleus under con- 
sideration to a proton group corresponding to a reaction 
of well-known Q value.' Frequently this was the C" end 
group from the C”(d,p)C® reaction in either the target 
polystyrene or, usually, the same polyethylene target 
used to measure the beam energy. A consideration of 
possible causes of systematic errors leads one to believe 
they introduce no significant error in the final result, 
at least to the accuracy of these experiments." 

On the other hand, when one considers other sources 
of error,—that is, errors which affect the unknown 
Q-value proton group differently from the reference 
group, one finds as the largest single factor the inability 
to locate accurately the maximum of the spectrum. 
This difficulty in locating spectral maxima is due 
directly to the over-all poor energy resolution of the 
technique used. When one considers effects such as 
photomultiplier statistics and energy straggling in the 
absorber, one sees that the energy spread of a clearly 
resolved proton group is about 500-600 kev (full width 
at half-maximum) for the targets used. Consequently, 
errors as large as 200-300 kev can be introduced in the 
location of the energy of the proton group under 
consideration. Figure 1 illustrates the over-all resolution 
of this setup for the ground-state proton group from 
c. 

The other main source of error in these measurements 
is the error in target thickness. The thickness is meas- 
ured by comparing the energy of the proton groups 
from the C® ground state reaction in the target to those 
coming from the reference target. Since we are meas- 
uring a small difference between two large quantities, 
the technique is somewhat insensitive. However, it is 


17N. S. Wall, Ph.D. thesis, Massachusetts Institute of Tech- 
nology, October, 1953 (unpublished). 
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Fic. 1, Spectrum of C(d,p)C™ ground-state to ground-state 
reaction. The abscissa is given in terms of absolute pulse height 
as determined by a precision pulser. 








believed no errors of greater than 50 kev are introduced 
in this manner. The best criterion of the errors in these 
experiments is, however, a comparison between the 
present results and other measurements; for example, 
Sr®, Sn, and Bi”. 


Ill. RESULTS 
The experimental results of the ground state Q-value 


determinations are given in Table I. The location of 
any excited states that could be resolved are listed in 
the third column of this table. In most cases, these 
excitation energies were determined using the equation 
given above with the ground-state Q value as the 
reference. For the energy of particles, and the heavy 
nuclei examined here, the excitation energy is practically 
equal to the difference of the outgoing proton energies 
corresponding to the ground-state and excited-state 
proton groups. 
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Fic. 2. The Y"(d,p)Y™ spectrum. The abscissa in this figure 
as well as Figs. 3 and 4 is given in arbitrary pulse heights. The 
absolute pulse heights can be found from the notations at either 
border indicating the pulse height in volts. 
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Figures 2-4 show the proton spectra from several 
typical targets. Figure 2 shows the clearly re- 
solved end group and first excited states from a thin, 
uniform Y,Q; in polystyrene target. Figure 3 shows the 
analysis necessary to interpret the spectrum and derive 
the ground-state Q value for the Ce!(d,p)Ce' reaction. 
Since the Q value as determined here is only about 450 
kev higher than the C¥ Q value, and C” is probably 


Tasxe I. Experimental results. 








QO value of ground Excitation 
Residual state reaction energies 
nucleus Mev Mev 


Ca® 2.80+0.30 
Sr% 5.25+0.30 
Sr® 6.26+0.20 
Sr® 4.29+0.15 

3.20+0.20 
Rb*® 6.2 +0.3(?) 
Rb*® 


3.75+0.20 
Y* 4.41+0.05 
Zr 


4.4640.05 
Mo* 5.63+0.05 





1.09 
1.5(?) 


1.17+0.06 


0.91+0.10 
1.41+9.10 
2.2340.10 
2.73+0.10 


0.9 +0.2 


4.19+0.05 


4.51+0.30 
6.06+0.10 


4.10+0.09 


40.15 
eS aby +4 
3.924-0.07 
3.524-0.07 


2.5 +0.3 
0.55+0.08 


1.16+0.08 
2.77+0.10 
3.41+0.10 
4.09+0.10 

4.25-+0.07 

5.0 +0.2 

4.35+0.05 

4.502-0.10 

2.87+0.10 

3.17+0.10 

2.86+0.07 


3.42+0.30 
3.79+0.08 


3.36+:0.30 
1,94+0.03 


0.90+0.15 
0.62+0.10 
0.70+0.10 








present to a much higher concentration in the target, 
the Ce’! end proton group is on the high-energy side 
of the C® end group and not clearly resolved from it. 
The graphical analysis was based on an analysis of the 
different causes of spread such as energy straggling, 
and the energy dependence."’ Figure 4 shows the spec- 
trum from the reaction Mo”(d,p)Mo™. This target was 
a suspension of MoO, enriched to about 87 percent 
Mo™, in polystyrene. The spectrum again illustrates 
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the difficulties in resolving single levels, although in 
this particular reaction the end group is clearly resolved. 

For some of the targets studied the end proton group 
was resolved even more poorly than the Ce'. This was 
attributed to poor targets (i.e., too thick or not suffici- 
ently uniform), or low-lying levels. In other cases, 
however, the end groups were resolved more clearly 
than the Y” ground-state group. 

Table II lists the binding energy of the last neutron 
in each of the nuclei studied, as well as comparisons of 
these measurements with measurements made by means 
of other techniques and reactions. In particular, the 


Tas.Le II. Neutron binding energies in Mev and comparison 
with Metropolis-Reitwiesner predictions. 








B, (obs) 
Nucleus Ba (obs) Bs (calc) —Ba (calc) Other measurements’ Ref. 


wCa® 5.0 4.1 +0.8 
ssor® 7.48 7.92 —0.4 


ysor®? 8.49 7. 18 4 1.3 





(n,y) 8.42 

(d'p) 8.52-4-0.20 
(d,p) 6.55+0.10 
(d'p) 6.55-+0.20 


s35r™ 6.52 6.53 0 

Rb* 8.4 6.8 +1.6 

5.98 6.12 —0.1 

6.64 7.06 —0.4 
6.69 —0,2 fae) 6.56+0.10 
7.86 —0.6 d,p) 8.3140.2 

6.42 +0.1 
6.7 ; —0.5 (ym) 7.1 +0.3 

8.29 —0.8 
6.33 —0.5 (ym) 6.4440.15 

5.75 —0.6 
0 (d,p) 6.2 40.3 

+0.4 
0 (yn) 6.5040.2 

-0.9 

+0.3 

+0.6 

—0.9 

—0.9 

-0.9 

—1.0 

—0.9 

—0.1 

—1.7 


e25m?'5> 


Bi” 


{(ny) 41720018 . 
d,p) 4.1440.03 » 








* See reference 3. 

» See reference 1. 

¢ See F. B. Shull and C. E. McFarland, Phys. Rev. 89, 489 (1953). 

4 See reference 33. 

* See reference 2. 
measurements on Te!*®, Cd'®, and Mo’ should be 
noticed. The measurements given in the last column of 
Table II are all of such a nature that they would set 
an upper limit on the neutron binding energy (6).'*- 
On the other hand, since the ground-state proton group 
may not have been observed, the (d,p) reaction only 
leads to a lower limit on the neutron binding energy. 
(From conservation of energy the binding energy of the 
last neutron equals the Q value of the ground-state to 

*The measurement on Mo” was made by using the Cu® 
threshold as 10.9 Mev. The recent re-evaluation of this to 10.6 
Mev (see reference 19) would make the (y,m) and (d,p) agreement 


very close. 
19 Birnbaum, Harth, Seren, and Tobin, Phys. Rev. 91, 474(A) 
(1953). 
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Fic. 3. The Ce!(d,p)Ce™ spectrum. See Fig. 3 for 
explanation of abscissa. 


ground-state (d,p) reaction plus the binding energy of 
the deuteron, 2.23 Mev.) It is therefore worth noting 
the agreement between these two methods as it lends 
confidence to the general approach of deriving binding 
energies from either (d,p) or (y,m) reactions. Table II 
also lists the binding energy expected on the basis of 
the semiempirical mass formula.”:! 
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Fic. 4. The Mo”(d,p)Mo™ spectrum. See Fig. 2 for 
explanation of abscissa. 


” R. Metropolis and G. Reitwiesner, Atomic Energy Commission 
Report NP-1980, 1950 (unpublished). 

1 E. Fermi, Nuclear Physics (University of Chicago Press, 
Chicago, 1950). 





IV. DISCUSSION 
A. Relationship to Shell Model 


In general, the results in Tables I and II show the 
same effect at shell edges as the measurements of 
Harvey' and those of Sher et al.? That is, at the “magic” 
numbers of 50 or 82 neutrons there is pronounced 
decrease in the binding energy of the last neutron.” 
There is now, however, more data available at each of 
these shells than before. These data are shown in Fig. 5. 
This plot shows the measured values of B, minus the 
value of B, expected on the basis of the semiempirical 
mass formula” as a function of the neutron number. 
No values are plotted which are based on the indirect 
determination of B, from, for example, decay data. 
The main content of this plot is based upon references 
1, 2, and 3 and the present work; however, other 
sources of data have been used.¥ 

From this plot one can see that at the 50 and 82 shells 
there is a break of about 2.0-2.3 Mev in B,—B, (calc). 
This break is similar to the one at 126 neutrons.' It 
should be pointed out, however, that at none of the 
shells is this break directly related to the strength of the 
spin-orbit coupling since the level filled just after the 
magic number is not a member of the same doublet 
filled at or just before it. In order to evaluate any 
spin-orbit parameter one would therefore have to know 
the order of the levels before a spin-orbit perturbation 
is introduced. This in turn is related to a particular 
nuclear model. 

In Fig. 5 there are three points just prior to V=50 
representing B, for Sr**, Kr**,** and Sr**.? These values 

















20 ya 80 100 


Fic. 5. The binding energy of the last neutron minus the binding 
energy expected on the basis of the semiempirical mass formula 
as a function of the neutron number of the target nucleus. The 
double circles indicate two nuclei with the same value of AZ, and 
the heavy circle indicates three nuclei with the same value of AE. 
The three nuclei enclosed in the box are doubtful measurements 
and are discussed in Sec. IV-A of the text. 


2M. G. Mayer, Phys. Rev. 78, 16 (1950); Haxel, Jensen, and 
Suess, Z. Physik 128, 295 (1950). 

% G. Pieper, Phys. Rev. 88, 1299 (1952). 

% Wheeler, Schwartz, and Watson, Phys. Rev. 92, 121 (1953). 
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are in pronounced disagreement with other nuclei in 
this general vicinity. 

Sr**.—The Sr** measurement reported here may be 
low due to the fact that the targets used in these 
experiments had only about 45 percent Sr™ and about 
15 percent Sr**. B, for Sr** should be somewhat higher 
than B, for Sr*’, since Sr** has a smaller neutron excess. 
If for some reason the intensity of the Sr** ground-state 
proton group was less than the intensity of the Sr*’ 
group, then it may have escaped observation. 

Sr**—The B, for Sr** again should be somewhat 
higher than that of Sr**. Since Sr** is present in only 
low abundance in natural Sr, the neutrons corresponding 
to the (y,m) reaction on Sr* may have been missed in 
the measurements of Sher ef al.” 

Kr**.—With respect to Kr®*, Wheeler e/ al. mention 
that the actual binding energy may be some 0.9 Mev 
higher, but feel that it is unlikely. However, even with 
a B, 0.9 Mev higher B,—B, (calc) would still be low 
as compared to other nuclei in this region. 

Relative to the shell model, it should be pointed out 
that B, (Ca) does not show the effect of either neutron 
number 28 or proton number 20. This is similar to the 
cases of V® and Fe*®,' but a behavior unlike that of the 
Ti isotopes as analyzed by Pieper. However, when 
Pieper’s data is compared to the mass formula, no 
“magic effect” is observed. (See Fig. 5.) 

It should also be noted that of the nuclei referred to 
in Fig. 5 in the region around V =35, those lying above 
the B,—B, (calc)=0 line are mostly even-A nuclei, 
whereas those below the line are odd-A nuclei. This 
may be entirely a result of the fact that the mass 
formula” pairing term 6/A?! is poorly estimated in this 
mass region. 


B. Double § Decay 


As has been pointed out in an earlier paper® the 
neutron binding energies for Te!** and Sn'** along with 
the decay energies of Sn’ and Sb'* allow one to 
conclude that there is 2.4+0.3 Mev available for the 
double 8 decay of Sn. In a similar fashion one can 
show that there is at least 4.30.3 Mev available for 
the decay of Ca** to Ti**. In this case, however, the 
decay energies are not known to suflicient accuracy”® 
for the result to be meaningful even though it agrees 
with the mass spectroscopic data, 4.34+-0.11 Mev.” 


C. Mo” 


On the basis of the compound nucleus theory of 
nuclear reactions, the neutron capture cross section of 
a particularly stable nucleus, such as the magic number 
nuclei, should be low as compared to a normal 


28 N.S. Wall, Phys. Rev. 92, 1526 (1953). 

26 Hollander, Pearlman, and Seaborg, Revs. Modern Phys. 25, 
469 (1953). 

7 Collins, Nier, and Johnson, Phys. Rev. 86, 407 (1952); 84, 
717 (1951). 
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nucleus.”*:* Mo*%, as well as other nuclei with from 
56-60 neutrons, shows an anomalously low capture 
cross section.” Mo", therefore, should show a particu- 
larly high binding energy for the last neutron, since 
Mo” seems to be a normal nucleus compared to others 
in that region. (See Table II.) However, the binding 
energy of the last neutron is 8.29 Mev or compared to 
the mass formula the difference B,—B, (calc) is equal 
to —0.8 Mev. The average difference in this region of 
the periodic table is only about —0.4 Mev. 

It may be that the last neutron in Mo® is only very 
loosely bound relative to Mo**, Thea the neutron added 
to Mo” would enter the compound nucleus in a region 
of low level density. However, at other magic numbers 
there is a relative increase of B,— B, (calc) just before 
the shell edge, whereas here none is observed. Conse- 
quently, the nuclei that show an anomalously low cross 
section, in this region of the periodic table, might do so 
for another reason, or the compound nucleus theory 
may be inadequate here.” 


D. Bi** 


The Q value of the highest-energy proton group from 
the reaction Bi (d,p) Bi” has been measured and found 
to be 1.94+0.03 Mev, in excellent agreement with 
Harvey! and Kinsey.’ It is felt that this proton group 
does not truly represent the ground state of Bi”, but 
several excited states of about 400-500-kev excitation 
too closely spaced to be resolved in the present experi- 
ments. The following paper on the angular distributions 
of the protons from the Q= 1.94-Mev level will discuss 
this point in greater detail. 


E. Sn!?5, Mo", Yy®, Ce!43, Pr! 42, Nd'43 


These nuclei show excited states which, at least 
within the resolution of the present experiments, are 
clearly resolved and have a several hundred kilovolt 
spacing, for the first excited state, and in some cases 
higher levels. 

Y™, Pr, and Nd" have one neutron over a closed 
shell, Ce! has three, but Sn! is not too close to either 
the 50 or 82 shells. On the other hand, Sn’ is proton 
magic and therefore, if the neutrons and protons are 
coupled as in the collective model," one might expect 
such a level structure. 


F. Cd'!3 


The ground state of Cd" is believed to be unstable 
relative to In''*,”* Because there is a large spin difference 
between the ground states of these nuclei, as well as a 


28 J. Blatt and V. Weisskopf, Theoretical Nuclear Physics (J. 
Wiley & Sons, Inc., New York, 1952). 

2” H. Hurwitz and H. Bethe, Phys. Rev. 81, 898 (1951). 

* 1), Hughes, Phys. Rev. 91, 1423 (1953). 

4K. Ford, Phys. Rev. 90, 29 (1953). 
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low but unknown energy difference, the lifetime for 
this decay should be quite long. An isomer in Cd!" is 
known to decay to the ground state of In", but the 
energy of excitation of this isomer is not known.** If 
it is assumed that the excited state found in these 
experiments is the same as the isomer then one can 
calculate the decay energy for the ground-state transi- 
tion. From the data given in Table I and the Cd!" 
decay energy,” the ground-state decay energy of Cd'"* 
should be 0,040.08 Mev. 


G. Mo" 


On the basis of Harvey’s measurement of B,(Mo™), 
Feather® has estimated Mo” to be 0.08+0.35 Mev 
capture-unstable to Nb*. Using the value for B, given 
in Table IT, however, a similar calculation shows Nb® 
is unstable to decay to Mo” by 0.53 Mev. 


H. Calculated Values of B,, 


Though no measurements of the sort given below 
were used in Fig. 5, from appropriate total decay 
energies and known B, values, B, for other nuclei can 
be found. For example: 


Ce!+-n=Ce!+ B, (Ce), 
Ce'S Prt Ey, 
Pr’ = Pr -+-n—B, (Pr), 
prio Ce!”+ Ego. 


Adding these four equations and using the value 5.40 
Mev given in Table II for B,,(Ce') as well as 0.58 Mev 
for Eg, and 3.25 Mev for Ege,”* one finds B,(Pr'*') 
=9,2+0.3 Mev. This agrees quite nicely with the value 
9.4+0.3 Mev as given by Hanson.* This latter value 
should probably be lowered 0.3 Mev, however, since 
it was measured relative to a 10.9-Mev Cu™(y,n)Cu® 
threshold. See footnote in Sec. ITI. 

Other values which can be determined in a similar 
manner are B,(Kr**) <6.8 Mev; B,(In""*) =9.13 Mev; 
B,,(La™) =6.7 Mev; and B, (Ba!) =6.32 Mev. 
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#7. M. Cassidy, Phys. Rev. 83, 483 (1951). 
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The proton angular distributions in the (d,p) reactions on Bi®™, Pb®’, and Y® have been measured and 
an attempt made to interpret the results on the basis of the Butler stripping theory. The neutron added 
to Y® is consistent with an /, =2 prediction. The last neutron in Pb™* shows a similarity to an /,=1, non- 
Coulomb theory angular distribution, but the Bi* case is not readily capable of being interpreted with 
this theory. The results of these experiments are analyzed on the basis of the shell model and the systematics 


of the binding energy of the last neutron. 





I. INTRODUCTION 


HE interpretation of the binding energy of the 

last neutron! in terms of the shell mode] depends 
on the angular momentum of the state in which the 
neutron is captured. According to the theory of deuteron 
stripping’* the angular distribution of the outgoing 
protons from a (d,p) reaction yields, directly, the 
orbital angular momentum value J, of the captured 
neutron. Though this technique does not measure the 
total angular momentum of the resultant nucleus, it 
does limit it to certain values, derived from the conser- 
vation of angular momentum.’ The present paper 
reports an attempt to ascertain whether the measured 
Q-values of (d,p) reactions can be used to determine 
the spin-orbit coupling in the 5g and 7: shells from the 
binding energies of the 50th and 5ist or the 126th and 
127th neutron respectively. 


Pb?*s, Bi?!’ 


In the case of the Bi" neutron binding energy it is 
believed that the protons observed do not correspond 
to Bi?” in the ground state, and therefore the binding 
energy as derived from the Bi™(d,p)Bi*” Q-value is too 
low. The main reason for this belief is the failure of a 
cycle involving, in addition to the Q-values of the 
Bi®™(d,p) Bi?” and Pb”*(d,p)Pb™ reaction, well estab- 
lished masses, decay energies, and (Q-values to close.'?:7.* 
If one assigns the entire discrepancy to the Bi” Q-value, 
the Bi?” ground state should actually be about 500 kev 
lower than experiments to date indicate.'** By ac- 
cepting some very general results from deuteron 
stripping theory this discrepancy can be readily under- 


t This work is based in part on material submitted in partial 
fulfillment for the Ph.D. at Massachusetts Institute of Tech- 


nology. 

° This work supported in part by a joint program of the U. S. 
Office of Naval Research and the U. S. Atomic Energy Com- 
mission. 

t Now at the University of Rochester, Rochester 3, New York. 

1N. S. Wall, preceding paper [Phys. Rev. 96, 664 (1954)]. 

*J. A. Harvey, Phys. Rev. 81, 353 (1951). 

*S. T. Butler, Proc. Roy. Soc. (London) amy 559 (1951). 


«P. B. Daitch and J. B. French, Phys. Rev. 87, 900 (1952). 

* F. L. Friedman and W. Tobocman, Phys. Rev. 92, 93 (1953). 
*A. B. Bhatia et al., Phil. Mag. 43, 485 (1952). 

x R. Huizenga et al., Phys. Rev. 79, 908 (1950). 

*B. B. Kinsey ef al., Phys. Rev. 78, 77 (1950). 


stood on the basis of the model of Bi" as given by 
Pryce.® 

The differential cross section do/dw for a (d,p) 
stripping reaction can be written 


da 
(1) 


where |(M)|? is equivalent to a matrix element between 
the initial and final states and J and / are the total 
angular momenta corresponding to these states, re- 
spectively.-* This matrix element contains one term 
expressing the probability of finding a proton of an 
appropriate momentum in the deuteron and another 
representing the capture of the stripped neutron by 
the nucleus. It should be remarked that the value of 
the matrix element here is assumed to be independent 
of J. If, however, this is not the case but |(M)|? is not 
too dependent on J, the conclusions below are still 
valid. 

The model of Pryce® gives a ground state of Bi? of 
minimum spin, that is the 7 of the neutron is anti- 
parallel to that of the proton. On the basis of the shell 
model the last neutron in Bi?” is expected to be in a 
f0/2 configuration with the proton in the /9/2 configura- 
tion of Bi®."° Following Pryce these two nucleons would 
couple to give an 7=0 ground state for Bi?, with a 
series of nine excited states with J=1, 2---9. These 
latter states are closely spaced in energy and are sepa- 
rated by several hundred kev from the 7=0 ground 
state. 

The spin of Ra FE, Bi has recently been found to 
have the value J=1 by K. F. Smith, as quoted in a 
paper to be published on Ra E by E. A. Plassman and 
L. M. Langer. If the last neutron configuration is hy1/2 
then the conclusions above are essentially the same, 
the statistical weight factor being 2.5 percent. If, how- 
ever, the neutron configuration is gg/2 so that a go/2 
neutron and an hz proton couple to give a ground 
state of J=1, then this whole picture is probably in- 
correct. 

The (d,p) experiments performed to date have not 


been of sufficiently high resolution to be able to dis- 


*M. H. L. Pryce, Proc. Phys. Soc. (London) A65, 773 (1952). 
Pp. F. A. Klinkenberg, Revs. Modern Phys. 24, 63 (1952). 
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tinguish the various components of the excited multiplet 
of Bi*”. The ground state however would have been 
resolved providing it had a moderate, (2 percent- 
3 percent), intensity relative to the unresolved multi- 
plet. On the basis of the stripping theory, as given 
above, the general result that the differential cross 
section depends upon the statistical weight of the initial 
and final levels leads to the conclusion that the intensity 
of the ground state should be 1 percent, that of the 
excited multiplet for the ho,2, go/2 configuration. (The 
excited multiplet corresponds to the Q=1.94-Mev 
proton group.) The fact that we are dealing with 
nuclei for which the deuteron energy used is comparable 
to the Coulomb barrier probably does not introduce 
too large an error, providing the reactior: still goes by 
stripping. The Coulomb field will, however, introduce a 
small effect since the barrier penetration factor is 
energy dependent, and this comes into |(M)|*. 

To determine the validity of the deuteron stripping 
under a condition of deuteron energy comparable to 
barrier height the Pb”’(d,p)Pb”* ground-state reaction 
was investigated. In this case since the spins of both 
the initial and final nuclei are known /, is uniquely 
determined. If the non-Coulomb theory is valid in this 
case the proton angular distribution should be pre- 
dictable. Any quantitative difference between the ob- 
served and the predicted distributions can be attributed 
in a large part to the Coulomb effect. 


yo 


In the case of the Y*(d,p)Y” ground-state (g.s.) 
reaction information is desired on the angular momen- 
tum of just the captured 51st neutron to see if it is a 
member of the same spin-orbit doublet as the 50th 
neutron. The 50th neutron is believed to be in a Sgg/2 
level." If the 51st neutron is a 5g7/2 configuration the 
difference in the binding energies of these two neutrons 
should be directly related to the spin-orbit coupling 
parameter." It should be noted, however, that the 
difference in binding energies should be corrected, 
because the two nuclei involved have a different neutron 
excess.!? This fact is taken into account by determining 
the difference A between the observed binding energy 
and the binding energy expected on the basis of the 
semiempirical mass formula."* The difference between 
A(Y®) and A(Y®) is then the magnitude of the spin- 
orbit coupling. 

Actually the stripping analysis only gives the orbital 
angular momentum value of the captured particle. 
To the extent to which we are interpreting the shell 
model, however, it is valid to use the shell model 
prediction to determine the alignment of the spin of 


4D. R. Inglis, Revs. Modern Phys. 25, 390 (1953). 

2E. Fermi, Nuclear Physics (University of Chicago Press, 
Chicago, 1950). 

3 N. Metropolis and G. Reitwiesner, Atomic Energy Commission 
Report NP-1980, 1950 (unpublished). 
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the captured particle relative to its orbital angular 
momentum. 


II, EXPERIMENTAL PROCEDURES 


The technique used in these experiments was very 
similar to that of Black.“ 15.1-Mev deuterons from 
the M.I.T. Cyclotron were brought into the scattering 
chamber in a well collimated beam. The counter could 
be placed at any angle from about 5°-150° to the beam. 
The detector was a Nal scintillation spectrometer with 
an absorber, in front of it, either of polystyrene or Al 
thick enough to stop elastic deuterons. The angular 
position of the counter was determined by means of a 
helical potentiometer coupled to the movable arm on 
which the counter was mounted. This arrangement 
gave a resistance linearly proportional to the angular 
displacement of the arm. The zero angle was found by 
comparing angles on either side of zero degrees at 
which the intensity of elastically scattered deuterons 
was equal. In this manner angles could be measured 
with relative ease to an accuracy of about 4°. 

The electronic equipment used is described in the 
preceding paper' and elsewhere.'® 


Ill, RESULTS 


The angular distributions from the Pb*’(d,p)Pb™ 
(g.s.), Bi®®(d,p)Bi” (Q=1.94 Mev group), and 
Y"(d,p)Y™ (g.s.) are shown in Figs. 1, 2, and 3. The 
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Fic. 1. The angular distribution of the protons from the ground 
state to ground state Pb”’(d,p)Pb™ reaction. 


“C. F. Black, Ph.D. Thesis, Massachusetts Institute of 
Technology, January, 1953 (unpublished). 
4K. Boyer et al., Rev. Sci. Instr. 22, 310 (1951). 
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angles are given in the laboratory system since, for the 
heavy nuclei studied, the laboratory and center-of-mass 
angles are the same within the accuracy of measure- 
ment. The probable error of the relative intensity is 
believed to be less than 10 percent at each point. The 
forward angles on the Pb*”* curve were measured with 
both an Al and a polystyrene absorber since the proton 
resulting from (d,p) reactions in the Al, produced by 
deuterons scattered by the target foil, had an energy 
comparable to that of the Pb** protons. The protons 
from the C#(d,p)C" reaction in the polystyrene ab- 
sorber had much lower energy! and therefore did not 
interfere. Also plotted in these figures are the angular 
distributions expected on the basis of the Butler 
expression for the angular distribution.’ [t should also 
be pointed out that though no absolute measurements 
of the Bi or Pb cross sections were made one can use 
Harvey’s results on these two nuclei to obtain absolute 
values. His data gives the cross sections at 50° as 1.4 
and 0.25X10~* cm?/steradian for Bi and Pb, respec- 
tively.? The Bi?” angular distribution is in agreement 
with that of Gove.'® 


IV. OBSERVATIONS AND CONCLUSIONS 
yr 


The Y® g.s. angular distribution is consistent with 
the 51st neutron being in a dsp state. From a study of 


radioactive decay schemes, and nuclear moments one 
can see that the first few neutrons over the V=50 
shell occupy a d5z state.'7 Much of this information is 
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Fic. 2. The angular distribution of the Q=1.94 Mev proton 
group from the reaction Bi®™(d,p)Bi?”. 


*H. E. Gove, Phys. Rev. 81, 364 (1951). 

7 The dsvz assignment for odd-odd nuclei follows if one assumes 
the shell model predictions for the proton and the (2,—) ground 
state configuration. 
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contained in references 10 and 18. Since the 51st 
neutron is therefore not in the gz. member of the 5g 
doublet, the binding energy difference cannot be 
attributed solely to spin-orbit coupling. Any evaluation 
of the spin-orbit coupling parameter must therefore 
depend upon the position of the levels before the 
spin-orbit perturbation is introduced. 

The angular distribution of the proton group corre- 
sponding to the first excited state of Y” was also 
measured. As one can see in Fig. 2 of reference 1, the 
observed width of this proton group is slightly larger 
than that of the ground state indicating a possible 
additional unresolved level. Furthermore at small angles 
the C" proton groups interfere with the Y** proton 
groups to a certain degree making the determination of 
the intensity of the Y%* somewhat inaccurate. The 
angular distribution which is observed, however, quali- 
tatively resembles that of an /,=0 Butler distribution. 
It should be mentioned that Holt and Marsham”™ 
obtain fair agreement with experiment for the angular 
distribution of the protons corresponding to the first 
excited state of Sr®, in the reaction Sr**(d,p)Sr®, by 
assuming a mixture of /,=0 and /,=3. On the basis of 
the shell model it would be expected that these two 
nuclei have the same neutron configurations. 


Ppb?°8 and Bi?!° 


The Pb” g.s. angular distribution has relative 
maxima and minima which correspond, at least in the 
location of these maxima and minima, to those of an 
!,=1 distribution neglecting Coulomb forces. It is 
believed that the effect of the Coulomb field will be to 
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Fic. 3. The angular distribution of the ground state to ground 
state Y"(d,p)Y™ reaction. 


18 J. M. Hollander et al., Revs. Modern Phys. 25, 469 (1953). 
J. R. Holt and T. N. Marsham, Proc. Phys. Soc. (London) 
A66, 565 (1953). 
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“fill in” the minima.” If this is the case, there seems 
to be a reasonable agreement between theory and 
experiment. 

On the other hand, in the case of Bi*® there does not 
seem to be much similarity between the experimental 
angular distribution and the distribution expected for 
either /,=4 or /,=6, the values expected on the basis 
of the shell model. The fact that the distribution differs 
from the Pb** g.s. distribution in having a minimum at 
small angles would lead one to conclude that /,>2. 
Consistent with the interpretation of a high /, value 
for the last neutron in the Bi*® is the observation that 
no proton group occurs with an intensity of 1/30 the 
intensity of the = 1.94 Mev state at an angle of 45°.) 
The nonsimilarity between the predicted and observed 
distributions may be because approximations of the 
stripping theory with respect to the Coulomb inter- 
action are worse for larger angular momentum transfers 
or that for large /, the reaction may not be Butler 
stripping. One unfortunately is therefore unable to 
assign an /, value to the last neutron in Bi. 


Odd-Even Effect 


An explanation, as offered above for the low-intensity 
Bi?” g.s., would be consistent with Harvey’s’ observa- 
tion of low (d,p) cross sections for odd V—even Z target 


®W. Tobocman (private communication). 
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nuclei relative to isotopes of the same element and 

even N, if the matrix elements for nearby isotopes were 

similar. For example, Harvey gives, at an angle of 20°, 
do do 1 
—(Zr™) / —(Zr") =—. 
dw dw 40 


If in both cases the last neutron is in a d5;2 state, the 
relative differential cross section would be 


Patt? 36 


21 (2x) +1 


Feaee Eearee 1 1 


2J (Zr")+1 
where J; is the total angular momentum of the resultant 
nucleus for the reaction involving the lighter target 
nucleus. 

In the case of the Ti isotopes, however, where the 
last neutron is probably in a f72 state, the expected 
ratio is 1/[2/;+1 = 1/64, whereas the observed ratio 
is only about 0.10. 

However, many of the nuclei given by Harvey have 
relative differential cross sections in agreement with 
the supposition that the matrix elements for nearby 
nuclei are similar to within a factor of 2 or 3. It may 
be that for those nuclei where there is serious disagree- 
ment, the /, in each case is different. Factors other 
than the statistical weight would then be expected to 
cause such a difference. 
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Determination of the Ranges and Straggling of Low-Energy Alpha Particles 
in a Cloud Chamber 


S. BaRILE, R. WEBELER, AND G. ALLEN 
Lewis Flight Propulsion Laboratory, National Advisory Committee for Aeronautics, Cleveland, Ohio 
(Received June 14, 1954) 


Ranges of 105 alpha particles with energies of 0.48, 0.545, and 0.615 Mev as fixed by a velocity selector 
have been measured by the use of a low-pressure cloud chamber. From the results of these measurements 
the average ranges Ra and the straggling coefficients in air at 15° and 760 mm were calculated for these 
three energies. The values of Ray were found to be respectively 0.299, 0.327 and 0.354 cm; and the values of 
the standard deviation were respectively 0.011, 0.0135, and 0.010 cm. After a correction to take into account 
the difference in definition, the Ra,’s are two to three percent higher than those following from a range-energy 


curve given by Bethe. 


INTRODUCTION 


HE theoretical expression obtained by Bethe for 

the energy loss of charged particles in a gas gives, 

if the effects of the binding of the K-shell electrons of 
the atoms of the gas are taken into account, quite 
accurate results for alpha particles down to about 
5 Mev.' For energies below this, its usefulness is limited 
because of (1) the difficulty of calculating the L-shell 


1M. S. Livingston and H. A. Bethe, Revs. Modern Phys. 9, 
261 (1937). 


binding correction if the atoms of the gas are of low 
atomic number, (2) the breakdown of the Born approxi- 
mation upon which Bethe’s derivation is based, and 
finally, (3) the occurrence below about 1 Mev of an 
additional complication in the stopping process itself, 
namely, charge exchange, for which as yet no satis- 
factory theoretical treatment exists.? Hence, the range- 


2 Further details and references are to be found in the review 
article by H. A. Bethe and J. Ashkin in Experimental Nuclear 
Rag (John Wiley and Sons, Inc., New York, 1953), Vol. I, 
Part II. 
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energy relation for alpha particles below 5 Mev must 
be based largely on experimental measurements. 

Experimental range values are obtained, in general, 
either from direct measurements of track lengths ob- 
served in a cloud chamber or from various types of 
measurements with ionization chambers.? The range- 
energy relation in the low-energy region that has been 
generally adopted is based on the experiments of 
Holloway and Livingston’ in which the specific ioniza- 
tion along the path of polonium alphas in air was 
measured. In order to obtain from their results a range- 
energy relation, it is necessary to know w, the average 
energy lost per ion pair formed in air as a function of 
the energy of the alpha particle. Recently, w was 
measured by Jesse ef al.*-* for energies between 0.3 and 
5.3 Mev. Jesse and Sadauskis® and Bethe*® have used 
these results to construct the corresponding range- 
energy relation. This relation will be referred to as the 
“Bethe 1950” relation in order to distinguish it from 
an earlier one (1937).! 

This relation is in good agreement with some well 
established range-energy points above 1.5 Mev ob- 
tained from cloud-chamber studies of alpha particles 
produced by nuclear reactions whose energy values 
have been quite precisely determined. Recently, Cook 
et al.’ made some range determinations by measuring 
the Bragg ionization curves of artificially accelerated 
alphas of energies between 0.01 and 0.25 Mev. Their 
results are in good agreement with Bethe’s 1950 relation, 
which in this range was obtained by an extrapolation 
of Jesse and Sadauskis’ results to low energies. There is, 
however, a discrepancy between Bethe’s 1950 relation 
and the results of some “absolute” range measurements 
carried out by Jesse and Sadauskis in the course of the 
above-mentioned investigation. Thus, for a range of 
0.790 cm in air the direct measurements gave an energy 
value 0.04 Mev lower than the 1.611 Mev read from 
the curve. 

The most widely quoted cloud-chamber investigation 
of low-energy alpha particles (0.01 to 0.3 Mev) is that 
of Blackett and Lees.* They investigated 38 tracks of 
low-energy alpha particles in a low-pressure cloud 
chamber, the particles originating in collisions between 
polonium alphas and helium atoms in the chamber. 
In order to obtain from the configuration of the tracks 
the energy of the slow alphas, these investigators had 
to estimate the energy of the other (faster) alphas 
emerging from the collision by measuring their track 
lengths and employing Briggs’® range-energy relation. 
Later experiments showed Briggs’ energy values to be 


( " 3) G. Holloway and M. S. Livingston, Phys. Rev. 54, 18 
1938). 
4 Jesse, Forstat, and Sadauskis, Phys. Rev. 77, 782 (1950). 

SW. P. — and J. Sadauskis, Phys. Rev. 78, 1 (1950). 

*H. A. Bethe, Revs. Modern Phys. 22, 213 (1950). 

7 Cook, Jones, and Jorgensen, Phys. Rev. 91, 1417 (1953). 

*P. M. S. Blackett and D. S. Lees, Proc. Roy. Soc. (London) 
A134, 658 (1932). 

* G. H. Briggs, Proc. Roy. Soc. (London) A114, 341 (1927). 
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9 percent too low at 5.30 Mev, and consequently Bethe 
increased all of Briggs’ and Blackett and Lees’ energy 
values by this proportion in constructing his 1937 
range-energy curve.’ Nevertheless, the resulting curve 
still gives energies considerably below those obtained 
from the Bethe 1950 relation for a given range. 

Furthermore, there is a much more recent cloud- 
chamber investigation by Mills! covering the energy 
range between 0.01 and 0.35 Mev. He employed a 
chamber which was filled with a mixture of forty per- 
cent water vapor and sixty percent helium and operated 
at a pressure of 45 mm of mercury before expansion. 
The slow alphas were obtained from elastic collisions of 
collimated monoenergetic neutrons with the helium in 
the chamber. In order to make his air equivalent range 
agree with that followirg from Bethe’s 1950 range- 
energy curve® at about 0.3 Mev, Mills assumed that a 
large increase in the amount of water vapor took place 
throughout the chamber as a result of the expansion. 
Since the diffusion of water vapor under the conditions 
existing in the chamber is too slow to account for an 
appreciable increase in the vapor by the evaporation 
of water from the walls, he postulated the presence of 
small invisible droplets suspended throughout the body 
of the chamber. Mills’ and Bethe’s curves disagree, 
however, at other energies. 

The lack of agreement between ionization and direct 
cloud-chamber measurements in the extreme low-energy 
region indicates a need for further measurements below 
1 Mev. Since the results of the previous cloud-chamber 
investigations appear questionable, it would seem that 
any new experimental determinations would be most 
valuable if they were to be based on the cloud-chamber 
method. Furthermore, the error in the ionization meas- 
urements may be greatest below 1 Mev because com- 
plications arise in determining the end point of the 
range and because processes other than ionization (and 
excitation) begin to contribute appreciably to the 
energy loss. 

The determination of ranges in the cloud chamber 
has the further advantage that one obtains quite 
directly the amount of range straggling. This latter 
quantity is of especial interest at low energies because 
the relative straggling should tend to increase as a 
larger proportion of the energy loss is due to nuclear 
collisions. At a somewhat higher energy (1.2 Mev) than 
those considered here, Bgggild" found a relative range 
straggling for alphas amounting to about 2 percent, 
although that due to electronic processes alone can be 
expected to be only about 1 percent.’ Some doubt is 
cast on Béggild’s results, however, because of the fact 
that his experiments were done in such a way that the 
quantity measured was the combined straggling of 


%”R. G. Mills, Rev. Sci. Instr. 24, 1041 (1953). See also: R. G. 
Mills, University of California Radiation Laboratory Report 
UCRL 1815, 1952 (unpublished). 

ot 5 Béggild, Nature 161, 810 (1948). 

#N. Bohr, Kgl. Danske Videnskab. Selskab, Mat.-fys. Medd. 
18, 8, 128 (1948). 
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alpha particles and lithium ions which had to be divided 
somewhat arbitrarily into the contributions of the two 
particles. 

We have decided therefore to make a study of the 
range and straggling of alpha particles for energies 
below one Mev by the use of a low-pressure cloud 
chamber. Since at least a part of the difficulties en- 
countered in the previous cloud-chamber studies arises 
from the fact that the initial energy of the low-energy 
alpha particles was always determined in a somewhat 
indirect fashion, we arranged the experiment so that 
the energy of the particles was known when they 
entered the chamber. For this purpose we made use of 
a natural alpha emitter (polonium) as a source of low- 
energy particles. The alphas were first slowed down and 
then entered an energy selector of sufficiently good 
resolution which permitted the particles having the 
desired energy to enter the chamber. 


EXPERIMENTAL METHOD 
Description of Apparatus 


The experimental arrangement is shown in the dia- 
gram in Fig. 1. The alpha particles emitted by the 
polonium source were slowed down in passing through 
the (adjustable) air gap and the aluminum window 
before entering the magnetic analyzer. The particles of 
the desired energy were selected by the analyzer and 
were admitted to the cloud chamber through a thin 
nylon window. 

The details were as follows. The source," which had 
an average strength of 5 to 10 millicuries, was plated 
on a metal disk mounted on a micromanipulator which, 
in turn, was rigidly attached to the analyzer. The 
analyzer was constructed as shown in the figure. The 
six baffle plates, which were staggered in order to 
facilitate pumping, defined an annular channel of a 
mean curvature of 16.5 cm, a width of 0.6 cm, and a 
length of 14 cm. For a given magnetic field, the dis- 
position of these plates essentially determined the mean 
energy of the particles traversing the spectrograph 
while the aperture and the resolving power depended 
also on the location and size of the exit window. In 
order to facilitate the process of aligning the instrument, 
the exit tube, to which the window is attached, was 
joined to the rest of the spectrograph by a sylphon. 

A geometrical analysis of the allowed trajectories 
was carried out which showed that for the energies of 
interest to us (0.40 to 0.65 Mev) the resolving power of 
the velocity selector amounted to about 1.5 percent in 
momentum for incident particles with a uniform distri- 
bution in magnitude and direction of momentum. The 
pressure in the analyzer was kept below 6X 10~* cm, so 
that there was presumably no appreciable contribution 
from scattering in the gas. Since the particles after 
passing through the aluminum window had a larger 


13 This source was obtained from the Canadian Radium- 
Uranium Corporation. 


LOW-ENERGY PARTICLES 


ADJUSTABLE AIR GAP 


Fic. 1. Schematic diagram of the experimental arrangement. 


spread in momentum, the energy dispersion of those 
entering the cloud chamber was essentially determined 
by the velocity selector. The magnetic field which was 
varied in strength between 8200 and 7300 gauss, was 
produced by an electromagnet with pole pieces of the 
shape indicated in the figure and a pole gap of 1.4 cm. 
In order to prevent the magnet from overheating, it was 
excited for only about ten percent of the cycle of the 
cloud chamber. For reasons stated above, it is desirable 
that most of the range of the particles leaving the 
velocity selector be in the cloud chamber. Therefore, 
the window between the chamber and the analyzer 
should be just thick enough to withstand the pressure 
difference between the chamber and the analyzer 
(between 13 and 20 cm of Hg). It was found that a 
nylon film about 0.04 mg/cm? thick, backed up by a 
perforated plate was satisfactory for this purpose. The 
film consisted of 8 layers prepared in the usual fashion."* 

The cloud chamber was of the horizontal type and 
cylindrical in shape, with a height of 3.2 cm unexpanded, 
and a diameter of 25 cm. The chamber was filled with 
a mixture of hydrogen gas and water and ethyl alcohol 
vapor, At the operating temperature of 20.5°C the 
pressure before expansion amounted to 12.25 cm for 
the hydrogen, 1.50 cm for the water, and 2.24 cm for 
the alcohol, the last two pressures being the equilibrium 
values above a 50-50 volume mixture of the corre- 
sponding liquids. The expansion ratio employed was 
1.25, and the cycling time was one minute, the sequence 
of operations being governed by an electronic controller. 

We had investigated previously’® the question of 
whether it is necessary to limit the natural sensitive 
time of the chamber for an experiment of this sort. We 
found that, under the conditions specified above, this 


4 Brown, Febber, Richards, and Saxon, Rev. Sci. Instr. 19, 
818 (1948). 
16S, Barile and R. Webeler, Rev. Sci. Instr. 25, 389 (1954). 





676 


time (for the formation of sharp tracks) is 0.014 sec 
during which period the expansion goes from 90 to 99 
percent of completion. The change of conditions in the 
chamber during this period is too small to introduce any 
appreciable errors, and therefore no special arrangement 
was required. 

The cloud chamber was arranged so that two stereo- 
scopic views could be obtained on a single negative, 
one by the use of a mirror. The direction of the direct 
view was at an angle of 3°, and that of the other, at an 
angle of 15° with the axis of the chamber. The direction 
of entry of the particles into the chamber was essen- 
tially perpendicular to the direction of both views. 
From the two views of a track any large deflections or 
curvature in the path of the particle could be detected. 


Experimental Procedure 


Before taking cloud-chamber pictures of particles 
with a given energy entering the chamber, the position 
of the source and the position of the exit window were 
adjusted as follows. The nylon window was replaced 
by a glass plate coated with silver-activated zinc sulfide 
which served as a scintillation counter in conjunction 
with a photomultiplier tube mounted inside the cloud 
chamber. The air gap between the source and the 


entrance window was adjusted with the aid of the: 


micromanipulator, and the position of the exit window 
was varied by moving the cloud chamber with respect 
to the spectrograph, so as to give a maximum counting 
rate with the desired magnetic field. 

The same arrangement was also used to determine 
the air equivalent of the nylon exit window at 0.615 
Mev (which was one of the energies investigated). The 
source position and the alignment of the selector were 
adjusted as described, and a nylon film of the correct 
thickness was interposed between the entrance window 
and the baffle plate system of the analyzer by means 
of a vacuum-tight seal. The air gap was then varied 
by moving the source with the micromanipulator and 
the new source position corresponding to a maximum 
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Fic. 2. Distribution of track lengths of alpha particles in a 
cloud chamber filled with hydrogen, water vapor, and ethyl 
alcohol vapor at respective pressures of 12.25 cm, 1.50 cm, and 

cm. 
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counting rate located. The change in the air gap thus 
produced was found to be 0.046 cm which was taken 
as the air equivalent of the film. This value agrees 
within 5 percent with the calculated air equivalent 
given in a later section. 

Cloud-chamber photographs were obtained in this 
fashion with three settings of the analyzer corresponding 
to alpha particle energies Ey of 0.615, 0.545, and 0.48 
Mev and were analyzed as follows. The stereoscopic 
pictures were projected to full size by using the camera 
with which they were taken as a projector and adjusting 
its position so that the image of a ruler photographed 
alongside the chamber appeared in its natural size. 
Measurements of the tota) track length on the projec- 
tion of the direct view were made by the use of dividers 
set at 3 mm. Since near the window the alpha particles 
did not have any visible droplet trail, the length of the 
missing portion of the track was simply taken as being 
equal to the length of a straight line from the window 
to the beginning of the visible portion of the track, 
drawn so as to be tangent at this point. Tracks having 
kinks were excluded from consideration because it was 
difficult to obtain their lengths with any accuracy. 
Since such tracks were in any case few in number, 
neglecting them cannot have affected the results appre- 
ciably. However, tracks which showed sudden changes 
in droplet density as a consequence of charge exchange 
were used if otherwise normal. 

The range usually quoted is simply the projection x 
of the total path on a line parallel to the direction of 
the particle at the beginning of the path. Therefore, in 
order to compare our results with this conventional 
range, we measured this quantity for each track. From x 
and r’, the average length of the track in two dimen- 
sions, the (most probable) true length 7 in three dimen- 
sions can be estimated. A simple consideration shows 
that on the average r= 2r’ —x, if (r’—x) is small enough 
as was the case here. The resulting distributions for r’ 
which are based on 105 tracks, are shown in Fig. 2 for 
the three energies mentioned. 


DISCUSSION OF RESULTS 
(a) General 


The results of an investigation of the present sort are 
usually presented in terms of the parameters of the 
distribution of ranges of individual particles in air. The 
range itself is ordinarily represented by the arithmetic 
mean range in air, Ry; the median range, R,,; or the 
extrapolated range R,. To define the extrapolated range, 
it is necessary to consider the number-distance curve, 
which represents the number of particles with a range 
equal to or larger than a given distance as a function 
of this distance. If now a line is drawn tangent to this 
curve at the point of steepest slope, the abscissa of the 
point at which it intersects the range axis is equal to R,. 
The straggling is usually specified in terms of the range 
straggling coefficient which is equal to 1/v2 times the 





RANGES AND 


TABLE I, Average range Ry, median range R,», extrapolated 
range R,, and straggling coefficient o (standard deviation of Ray 
for low-energy alpha particles in air at a temperature of 15°C and 
760-mm pressure as a function of the initial energy Eo. 








o/Rwy 


0.037 
0.042 
0,029 


@ (cm) 


0.011 
0.0135 
0.010 


No. of 
Eo (Mev) tracks Ray (cm) Rm (cm) Re (cm) 


29 0.299 0.304 
30 0.327 0.334 
46 0.354 0.358 











reciprocal of the standard deviation o of the distribu- 
tion, or in terms of the so-called “straggling” which we 
take as s= R,.—R,,. 


(b) Ranges in Air 


In order to obtain the parameters for air from the 
experimental results, it is necessary to know the com- 
position of the gas in the chamber at the time the 
measured tracks are produced and the stopping powers 
of its constituents and of those of the nylon window 
relative to air. While the range of pressures of the 
hydrogen in the chamber during the sensitive time can 
be inferred from the position of the piston (the expan- 
sion being 90 to 99 percent completed), the variation 
of the vapor pressure of the alcohol-water mixture 
during the motion of the piston cannot. It seems 
plausible, however, that up to the end of the sensitive 
time, the number of atoms which constitute the vapor 
will remain essentially the same as that which would 
prevail if no evaporation took place—at least in the 
parts of the chamber away from the walls. 

The following equations hold for Rw, the equivalent 
average range in air at atmospheric pressure and 15°C 
of a particle having an energy Eo; for ¢, the thickness 
of the nylon window traversed by a particle of incident 
energy Eo and emergent energy E,; and for ry, the 
average length of a track in the cloud chamber: 


© dE & dE 
si ee fl as 
ke (dE/dx), ge (dE/dx) 


© 4dE 
a ae 
Ey (dE/ dx), 


where the denominators in the integrands of Eqs. (1) 
are the stopping powers of air, nylon, and the cloud- 
chamber mixture, respectively. The stopping power of 
any mixture or compound may be expressed in terms of 
that of air by 


dE/dx= (dE/dx)ad: pi(Ni/Na)= (dE/dx)aP, (2) 


where p; and N, are, respectively, the relative atomic 
stopping power and number of atoms per unit volume 
for the ith element present, and N, is the number 
of atoms per unit volume for air. The expressions 
di pi(N./Na) for nylon and for the cloud-chamber gas 
will be referred to as P, and P,, respectively. 
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In order, then, to determine the equivalent ranges in 
air from our results, one needs the values of p for the 
elements H, C, O, and N. For the first two elements 
Livingston and Bethe! give curves for p against E for E 
greater than 2 Mev and also list separately values of p 
for several energies. In the case of hydrogen the value 
read from the curve differs slightly from that given in 
the text. In order to estimate p in the energy range of 
interest to us, the curve for hydrogen was altered so as 
to go through the tabulated point and both curves 
were then extrapolated to zero energy taking into 
account the tendency of the curvature to increase 
slightly with decreasing energy. The values of atomic 
stopping power for oxygen were obtained by extrapo- 
lating to zero energy some recent measurements of the 
molecular stopping power of water'® and subtracting 
the contribution of the hydrogen. The values for oxygen 
so obtained were, in turn, used to compute the atomic 
stopping power for nitrogen from the known com- 
position of air. 

Over the small energy interval between Eo and E, the 
change in the quantity P, is insignificant and may be 
neglected without further consideration. The change in 
P, amounts to two percent in the energy interval from 
0.1 to 0.6 Mev. Thus if the value of P, is taken as con- 
stant in this range and equal to that at Zo/2, only a 
small error is introduced. With the above approxima- 
tions, the first of Eqs. (1) becomes 


Ry= Pit+ Pam. (3) 


The values computed for P, are practically the same 
for alpha particles of the three energies studied and 
result in a value of 0.044 cm for P,¢. This value is five 
percent lower than that following from the direct 
experimental investigation described above. Because 
the contribution of the corresponding term in Eq, (3) 
to Ry is small relative to that of the other term, the 
corresponding error in Ry is negligible. The value ob- 
tained for P, was 0.103 under our conditions of opera- 
tion. The average and median ranges Ry and R,, are 
given in columns 3 and 4 of Table I. 

In order to make a comparison with the ranges 
following from Bethe’s 1950 curve, it is necessary to 
express our results in terms of projected ranges. For 
this purpose, we give in Table II, together with Bethe’s 
mean values X, the quantities X, and Xn, which 
represent, respectively, the average and median of the 


TABLE II. Projected average and median ranges Xa, and X», of 

low-energy alpha particles in air at a temperature of 15°C and 

60-mm pressure as a function of the initial energy Zo; X and Xm, 
present investigation; X, Bethe’s 1950 curve. 








X (em) (Xm—-R)/Xm (Xu —-R)/X0 


0.285 0.027 0.044 
0.312 0.028 0.049 
0.340 0.023 0.034 


Eo Xm (cm) Xm (cm) 
0.298 
0.328 
0.352 





0.545 
0.615 








16H. G. de Carvalho and H. Yagoda, Phys. Rev. 88, 273 (1952). 
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sum of the air equivalents of the projected track lengths 
in the gas of the chamber and the nylon window. While, 
by making a comparison in this way, one can assure 
that the ranges are defined in the same way as far as 
geometrical considerations are concerned, it should be 
pointed out that the definition of the mean range 
(Bethe) is based on the “specific ionization curve of a 
single alpha particle” while our definitions X,, and X, 
are based on the number range distribution. 

It can be seen that our X,,’s are about two to three 
percent higher than the ranges X following from Bethe,s 
curve, and that our values of X,, are still higher. 

There were three chief potential sources of systematic 
errors in our range determinations. In the first place’ 
the ‘extrapolated) stopping powers relative to air which 
were used to convert the measured ranges to ranges in 
air may have been inaccurate. Secondly, there may be 
some doubt as to the locations of the end points of the 
tracks. Thirdly, the total amount of water and alcohol 
vapor present in the chamber may have changed during 
the expansion due to evaporation of some of the excess 
liquid either from the walls of the chamber or from 
small invisible droplets dispersed through the gas 
(Mills’ process). 

No estimate can be made of the errors resulting from 
any inaccuracies in the values of the relative stopping 
powers used. Any errors of the last two types mentioned, 
however, would necessarily tend to make the ranges 
which were obtained for air at atmospheric pressure 
smaller than the true ranges. Thus, the difference be- 
tween our results and Bethe’s 1950 curve, which is in 
the opposite direction, cannot be explained on this basis. 


(c) Straggling 


Columns 6 and 7 of Table I contain the standard 
deviation o and the coefficient of variation ¢/Rw, re- 
spectively. In order to determine the straggling one has 
to estimate the effect of the energy spread of the alpha 
particles leaving the velocity selector. As mentioned 
before, geometrical considerations show that the maxi- 
mum spread is 1.5 percent in the momentum and is, 
therefore, 3 percent in the energy (independent of the 
setting of the analyzer). It follows from our results that 
the slope of the range energy curve is about 0.4 cm/Mev 
for the energies in question and, hence, the resulting 
spread in the measured ranges due to this cause alone 
amounts to about two percent of the range. For any 
distribution the standard deviation is by definition less 
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than half the spread ; and in the present case, on physical 
grounds, the standard deviation in the ranges associated 
with the finite resolution of the spectrograph is very 
much less than half the corresponding spread in the 
ranges. Even if the standard deviation from this cause 
was as large a fraction as 0.01 of the range it would 
make a contribution of only about ten percent to the 
measured values of o and ¢/Ry. Therefore the straggling 
due to the finite resolution of the analyzer can be 
neglected and the coefficients @ listed in the table may 
be taken as a measure of the true straggling. In view 
of the number of tracks measured, one may consider 
the individual o’s given in the table to be correct to 
about fifteen or twenty percent. 

According to Bohr,’ the value of ¢/R which one 
would expect on the basis of electronic collisions would 
amount to somewhat less than 0.01, independent of 
energy and stopping material. It follows therefore that 
the straggling at these energies is mostly due to charge 
exchange and nuclear collisions, processes which become 
relatively more important near the end of the track. 
Thus the true value of o should be nearly independent 
of the energy for short range alpha particles. 

Therefore it is possible to compute this quantity 
more accurately from a properly weighted rms average 
of the o’s for the three energies. The resulting value of 
o=0.012 cm agrees well with the value of 0.014 cm 
obtained by B¢gggild" for alpha particles of a range of 
0.7 cm in air (about twice our ranges), which verifies 
the assertion that most of the straggling occurs at the 
end of the path. ; 

We can also compute the extrapolated range R, and 
the straggling s from the number range curves following 
from Fig. 2; however, it is rather difficult to locate the 
points of inflection in the individual curves. Conse- 
quently, we assumed that s is the same for all three 
energies just as o proved to be and constructed from 
them a single number range curve constructed by 
superposing the three curves so that the points corre- 
sponding to their averages all coincided. The value of s 
thus obtained is 0.016 cm; the extrapolated ranges given 
in column 5 of Table I were computed from the relation 
R.=R»ts using this value of s. 


ACKNOWLEDGMENTS 


The authors are indebted to Dr. Gerhart Groetzinger, 
Dr. Philip Schwed, and Dr. Howard C. Volkin for many 
stimulating discussions. 





PHYSICAL REVIEW 


VOLUME 96, 


NUMBER 3 NOVEMBER 1, 1954 


Variations in the Isotopic Abundances of Neon and Argon Extracted 
from Radioactive Minerals* 


Georce W. WetuERIttt ft 
Department of Physics, University of Chicago, Chicago, Illinois and Argonne National Laboratory, Lemont, Illinois 


(Received May 21, 1954) 


Large excesses of Ne*!, Ne®*, and A®* have been found in uranium and thorium minerals, These abnormal 
abundances are ascribed to (a,m) and (a,p) reactions in the minerals. It is shown that it is possible that a 


part of the atmospheric Ne* originated in this way. 


I. INTRODUCTION 


HE most careful determination of the isotopic 

abundances of neon and argon was made by 
Nier.' However, his investigation, as well as the earlier 
ones, was restricted to the analysis of atmospheric neon 
and argon. In the course of some experiments on spon- 
taneous fission of uranium and thorium,” the neon and 
the argon from the radioactive minerals pitchblende, 
euxenite, and monazite were analyzed in a mass spec- 
trometer in order to see if any variations in their 
isotopic abundances could be found. Gross variations 
were found which are presumably a consequence of 
nuclear reactions induced by the natural radioactivity 
of these minerals. During the course of this work similar 
variations in the abundance of argon were reported by 
Fleming and Thode.* 


MY II. EXPERIMENTAL METHODS 


The gases occluded within the minerals were released 
by fusing the mineral with NaOH in vacuum and 
chemically reactive gases removed by use of the ap- 
paratus shown in Fig. 1 as described in a previous paper.” 
After most of the chemically reactive gases were cleaned 
up, the helium and the small quantities of neon present 
were separated from the rest of the inert gases by ab- 
sorbing the heavier gases on activated charcoal held at 
—195°C and pumping the helium and neon into the 
gas separator (Fig. 2) with the Toepler pump. After 
some further purification the xenon, krypton, and argon 
were again absorbed on charcoal and sealed off. The gas 
separator was used to separate neon from helium. It is 
essentially the same as the gas separator constructed 
and used by Arrol, Chackett, and Epstein.‘ Their 
separator was patterned after one designed by Gliickauf® 
which is used in Paneth’s laboratory at Durham. A 


* This work was supported in part by a grant from the National 
Science Foundation. 

t This work was done while the author held a U. S. Atomic Energy 
Commission predoctoral fellowship at the University of Chicago. 

t Present address: Department of Terrestrial Magnetism, Car- 
negie Institution of Washington, Washington, D. C. 

1A. O. Nier, Phys. Rev. 79, 450 (1950). 

2 George W. Wetherill, Phys. Rev. 92, 907 (1953). 

3 W. H. Fleming and H. G. Thode, Phys. Rev. 90, 857 (1953). 

4 Arrol, Chackett, and Epstein, National Research Council of 
Canada, declassified document CRC-297. 

5 E. Gliickauf, Proc. Roy. Soc. (London) A185, 98 (1946). 


similar apparatus was used by Aston® in an attempt to 
separate the isotopes of neon. The operation of the 
apparatus has been described by Gliickauf.® The sepa- 
ration is effected by the fractional adsorption of neon 
and helium on activated charcoal. The apparatus con- 
sists of a series of four 100-cc Toepler pumps with a 
dead space between each of them consisting of a U-tube 
containing 2.5 g of activated charcoal. Fractionation is 
achieved because this dead space has a larger effective 
volume for neon than it has for helium causing the 
efficiency of the pump to be greater for helium. 

By use of this apparatus the heavy fraction was de- 
pleted in helium by a factor of several thousand with a 
loss of neon of about 15 percent. The neon is then 
treated in the final purifier, adsorbed on the neon 
sample charcoal C4, and sealed off. 

The gas samples were analyzed in the mass spec- 
trometer described previously.” 

The sample tubes containing the gases adsorbed on 
charcoal were sealed onto the sample system of the 
mass spectrometer and the gas introduced by the use 
of conventional glass breakoffs. The argon sample 
tubes containing about 0.5 g of charcoal were held at 
— 100°C with ethyl alcohol cooled with liquid nitrogen. 
At this temperature most of the argon was desorbed. 
The neon sample tubes contained about 10 g of char- 
coal. The neon was first observed with the charcoals at 
liquid nitrogen temperature and then another set of 
data was taken at —100°C, at which temperature all 
the neon was desorbed. 

The gas flowed into the mass spectrometer through 
an orifice of about 0.001-in. diameter. Since molecular 
flow was maintained at all times, the measured isotope 
ratios represented the isotopic composition of the gas 
in the reservoir behind the orifice. In some cases it was 
necessary to correct for the change in isotopic com- 
position of the gas in this reservoir with time, since the 
lighter isotopes flow through the leak more rapidly than 
the heavier ones, causing the gas remaining in the reser- 
voir behind the leak to become enriched in the heavier 
isotopes. The mass spectrometer used was equipped 
with an electron multiplier, and, since the sensitivity 
of the electron multiplier varied slightly with mass, it 
was necessary to apply a correction of about two per- 


°F. W. Aston, Mass Spectra and Isotopes (Longmans, Green 
and Company, New York, 1941), p. 33. 
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Fic, 1. Apparatus for the extraction of inert gases from minerals. A. Magnetic valve; B. Stirring rod; C,. 
Tube containing .5 g of activated charcoal; C.. Tube containing .5 g of activated charcoal; C;. Tube containing 
.5 g of activated charcoal; C,. Tube containing 10 g of activated charcoal; D. Nickel furnace; E. Electric heater 
winding; F. Constriction for sealing off; G. Magnesium perchlorate trap; H. Potassium hydroxide trap; L. Cal- 
cium vapor furnace; M. Quartz-pyrex graded seal; N. Neon sample tube; O. Argon, krypton, xenon sample 
tube; P. McCleod gauge; Q. McCleod exhaust; R. Tungsten bulb; S. Copper oxide trap; T. Magnesium per- 


chlorate trap. 


cent per mass unit. The discrimination was determined 
by measuring samples of normal gas and comparing 
the results with the accepted values of the isotope 
ratios as given by Bainbridge and Nier.’ 


Ill. EXPERIMENTAL RESULTS AND DISCUSSION 
1. Variations in the Isotopic Abundances of Neon 


Mass spectrometric determinations were made of 
neon extracted from pitchblende, euxenite, and monaz- 
ite. The isotope ratios as well as estimates of the abso- 


TABLE I. Isotope ratios and absolute quantities of neon 
rom radioactive minerals. 


Per- Per- 

Age cent cent 
of 10°" ura- tho- 
sample yr niumrium 21/206 


ice ane “0.00283 _ 0.0970 


0.00519 =0.103 
+0.00017 +-0.005 


0.402 0.0954 
+0.024 +0.011 


1.05 4.72 
+0.09 +0.32 


: Excess 
Isotope ratios Ne# 


22/20 cc STP/g> 


Size 

Sample 
Atmospheric* 
Belgian Congo 
Pitchblende 
Brazilian 
Monazite 
Madagascar 
Euxenite 


650° 44. 0 
215¢ 
400! 


20.0% 
1.36 X10" 


13.88 0.2 6 8.7 x10°% 


109.6 oo 60 3.5 8.0 xK10~% 
~600t 


*® The errors shown represent the mean deviations of the peak heights. 

>» Mass spectrometer calibrated with krypton tracer. 

* See reference 7. 

4 Alfred O. Nier, Phys. Rev. 55, 153 (1939). 

* Helium age, as calculated from the quantity of helium obtained from 
the mineral and the uranium content. 

f Uranium-lead ages. These ages were measured in this laboratory. 


1K. T. Bainbridge and A. O. Nier, Preliminary Report No. 9 
Nuclear Science Series, National Research Council (unpublished). 


lute quantity of the gas contained in the mineral are 
given in Table I. It is believed that the gas observed 
here is neon rather than some impurity for the following 
reasons : 


(1) The electron-accelerating potential in the ion 
source was adjusted to a value so low that doubly 
charged interfering ions such as A*®** and CO,**+ could 
not be present. 

(2) It was possible to resolve completely the inter- 
fering H,O"* peak from the neon peak at mass 20. 

(3) At no time, even when the background of the 
mass spectrometer was so high that the instrument 
could not be used to analyze the krypton and xenon 
samples, was a background peak of any kind observed 
at mass 21. 

(4) Separate aliquots of the neon were taken from 
activated charcoal at temperatures of —195°C and 
— 100°C; the ratios were the same in both cases. 

(5) During the course of the measurements the 
pressure in the ion source dropped by a factor of at 
least four. The isotope ratios did not change. 

(6) The pressure in the source decayed with time 
as the gas in the reservoir was depleted in every case 
with the decay constant characteristic of neon. 


It should be noted that the Ne*! is always anoma- 
lously high; in the extreme case of the euxenite the 





ISOTOPIC ABUNDANCES 
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Ne”! /Ne”™ ratio is 370 times normal. Any impurity at 
mass 20 or 22 would cause an effect in the opposite 
direction. The Ne”/Ne” ratios are approximately nor- 
mal in the pitchblende and the monazite, but in the 
euxenite the Ne” abundance is about 50 times the 
normal abundance. It is possible that the errors in the 
Ne”/Ne” ratios for the pitchblende and the monazite 
mask small variations which would be revealed by a 
more careful investigation. The relatively small change 
in the Ne”'/Ne™ ratio in the pitchblende was caused by 
the presence of a large quantity of normal neon in the 
sample, as it may be seen that the absolute excess of 
Ne”! is greater in the pitchblende than it is in either of 
the other two samples. This normal neon probably had 
its origin in “memory” in the mass spectrometer. 
Shortly before the pitchblende sample was analyzed a 
large sample of normal neon was run; apparently a 
sufficient quantity remained in the instrument to 
interfere with the pitchblende analysis. 

The values for the excess Ne” can be relied on as a 
measure of the quantity of the gas in the sample to 
within a factor of two. The relative values are reliable 
within twenty percent. 

The variations in isotopic abundance found here 
are much greater than those which could be produced 
by any natural chemical isotopic fractionation or by 
fractional diffusion of isotopes. These variations must 
be attributed to a natural nuclear process. It appears 
that the most likely process for producing this excess 
Ne” is the nuclear reaction O''(a,2)Ne*. All three 
minerals contain oxygen as a major constituent and the 
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(a,z) reaction on oxygen is well-known.’ The yield of 
this reaction on O'* is zero, since for this isotope the Q 
for the reaction is — 12.2 Mev. The yield from O'” may 
be expected to be less than that from O"%, since this iso- 
tope is less abundant and the Q values are similar 
(+0.6 and —0.7, respectively); it is difficult in this 
experiment to see the effect of the reaction with O'7 
because of the relatively large amount of normal Ne” 
present. 

A calculation of the quantity of Ne“ which would be 
produced in the pitchblende by this reaction by the 
polonium a-particles, if we use the yield for oxygen 
given by Roberts, indicates that about 9X10~-* cc/g 
would be produced if the target could be considered 
to be pure oxygen, all the reaction to be with the iso- 
tope O'%, and the age of the mineral taken to be the 
helium age. The helium age is used rather than the lead 
age because it probably includes a better measure of 
the ability of the mineral to retain inert gases. The fact 
that the mineral was not pure oxygen will reduce the 
amount of Ne” which might be expected by a factor of 
about three, while the fact that there are seven other 
a particles emitted from uranium will increase this 
estimate by a factor of about eight. The differing 
energies of the natural @ particles will not affect the 
order of magnitude of this estimate. Thus the expected 
amount is in approximate agreement with the actual 
quantity 1.4X10~7 cc/g which was found. 


* J.H. Roberts, U.S. AtomidEnergy Commission Report MDDC- 
731, 1947 (unpublished). A summary of the studies which have 
been made of (a,n) reactions was made by H. L. Anderson, 
Preliminary Report No. 3, Nuclear Science Series, National Re- 
search Council (unpublished). 
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Other possible reactions which might produce an 
excess of Ne” are 


+ 


3 
Na™(+7,2n) Na*"———»Ne"!, 


Ne®(y,n)Ne", 


Ne” (n,v) Ne”, 


5 
O'*(a,p)F2 Ne", 
Mg**(na)Ne*, 


The photoreactions may be excluded since the only 
gammas present which might be sufficiently energetic 
are the neutron capture gamma rays which are only 
about 10~* times as abundant as the a particles, since 
the a-particle production rate is about 10’ times the 
neutron production rate? and there are only a few 
gammas per capture. The high probability of absorption 
of these gammas by other processes, particularly by 
electron pair formation, plus the high threshold for 
these reactions eliminates competition by photore- 
actions. The relatively small (4X 10-** cm?) cross sec- 
tion for neutron capture in Ne” precludes the for- 
mation of approximately equal amounts of Ne” by 
neutron capture in this isotope. The high threshold (4.66 
Mev) for the (a,p) reaction plus the fact that the emitted 
proton will have to traverse the Coulomb barrier of 
the nucleus makes this reaction seem less likely than 
the (a,z) reaction. The (n,a) reaction on magnesium 
to produce Ne”! has a threshold of about 2 Mev. Also, 
because of the Coulomb barrier of about 6 Mev, the 
emission of low-energy a-particles is improbable. There- 
fore even higher neutron energies are required. If all 
the neutrons formed in the mineral reacted in this way 
with magnesium, about ten times as much Ne” would 
be produced by this process as by the O'*(a,n) mecha- 
nism. However, because of the fact that magnesium 
is usually present in these minerals only to a few tenths 
of a percent and because of the small number of neu- 
trons with sufficient energy, it should be expected that 
this magnesium reaction is much less likely. 

It is interesting to calculate the amount of Ne”! 
which may be formed by this (a,) reaction in ordinary 
rocks. The monazite contained about six percent tho- 
rium, while the average uranium and thorium concen- 
trations of igneous rocks are about four and twelve 
parts per million respectively.’ 

Thus the a activity of these average rocks is about 
1/2500 of that in the monazite. If it is assumed that the 
abundance of normal neon in these rocks is the same as 
in monazite, then in these rocks the ratio of excess Ne*! 
to normal Ne” will be 1.6X10~. Thus the Ne*! pro- 
duced by nuclear reactions contributes about 6 percent 
of the Ne* in ordinary rocks if their ages are the same 
as that of the monazite. However, the age of the earth 


*K. Rankama and T. G. Sahama, Geochemistry (University of 
Chicago Press, Chicago, 1950), pp. 570, 632. 
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is about ten times the age of the monazite, and during 
the early history of the earth, the abundance of uranium 
was greater and the a activity due to U™® was about 
equal to that of U%*, Thus it may be seen that a large 
fraction of the Ne* in rocks was probably formed in 
this way. Now if the neon in the earth’s atmosphere 
were obtained by out-gassing of the crust at some time 
later than the very early stages of the earth’s history, 
it might be expected that an appreciable fraction of the 
atmospheric Ne” was formed by this natural nuclear 
reaction. The rate of production of Ne* in rocks can 
be estimated from the data presented in this paper to 
be of the order of 10-” cc STP/g yr. Taking the abun- 
dance of potassium in igneous rocks as 2.6 percent'® 
the rate of production of A® from the disintegration of 
K* can be estimated to be 9X 10~" cc STP/g yr. Thus 
the present ratio of the rate of production of A® to the 
rate of production of Ne” is about 10’. Four thousand 
million years ago this ratio was about twice this, 
because of the difference between the decay constants 
of K® and the isotopes of uranium. 

This figure may be compared with the ratio of A” 
to Ne in the atmosphere, 2.0 10°, as calculated from 
the data of Paneth." Therefore, if the atmosphere was 
formed by out-gassing of the crust and if argon and 
neon were out-gassed to the same extent, this calcula- 
tion indicates that between 1 and 2 percent of the Ne”! 
in the atmosphere today originated from this nuclear 
reaction. In this calculation it is assumed that the ratio 
of potassium to uranium plus thorium throughout the 
region of the crust which is out-gassed is the same as 
the average calculated for igneous rocks relatively near 
the surface. If deep rocks contribute significantly this 
assumption may not be valid. Furthermore, it is pos- 
sible that the uranium and thorium minerals in these 
rocks, e.g., zircon, may lose gas more readily owing to 
damage of the crystal structure by alpha-particles. If 
for these reasons the contribution of excess Ne” to 
the atmosphere is greater it may be noted that this 
effect will affect estimates of the cosmic abundances of 
neon based on interpolating the odd isotope abundance 
curve at mass 21 and then multiplying by the observed 
atmospheric isotopic abundances." 

The excess Ne” found in the euxenite can probably 
be attributed to the similar reaction F'(a,n)Na?*. The 
high yield for this reaction reported by Roberts® indi- 
cates that the extra Ne” could be produced by only a 
few tenths percent of fluorine provided it were located 
within a few microns of the alpha source. However, it 
is not known whether fluorine can be expected to be 
this favorably located. For this reason it would be very 
difficult to calculate whether or not it is reasonable to 
expect this much Ne” to be produced by this process. 
The evidence is not sufficiently strong to exclude the 


10 See reference 9, p. 423. 
uF, A. Paneth, Quart. J. Roy. Meteorol. Soc. 65, 303 (1939). 
12 Harrison Brown, Revs. Modern Phys. 21, 625 (1949). 
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reactions F"(a,p)Ne” and Mg”®(n,a) Ne” although it is 
believed that these reactions are less likely. 


2. Variations in the Isotopic Abundances of Argon 


Mass spectrometric determinations were made of 
argon extracted from pitchblende, Ceylon monazite, 
and euxenite. The results of these measurements are 
shown in Table IT. 

The constancy of the ratios when aliquots of the 
gas are taken from charcoal at different temperatures 
and when the pressure in the source changes because 
of the depletion of the reservoir together with the fact 
that the known impurity peaks did not change when the 
pressure of the gas in the reservoir was increased by 
decreasing its volume indicates that the ratios observed 
were not seriously affected by background impurities. 

In every case the abundance of A*® is below normal; 
this is probably caused by the decay of small amounts 
of potassium present in the mineral. The anomalously 
low A**/A** ratio found in pitchblende, and to a much 
smaller extent in the other minerals, is in agreement 
with the measurements of Fleming and Thode.’ The 
situation here is quite similar to the excess Ne” in 
euxenite. The reactions which should be considered are 


+ 


8 
Cl*(a,n)K**———A®®, QO=—5.46 Mev; 
Cl* (a, p)A*, Q= 0.42 Mev; 
K" (n,a)A*, Q=-1.0 Mev. 


The Q values were calculated from reaction energies 
given by Roberts,* and atomic masses were given by 
Collins, Nier, and Johnson." 

Again the first two reactions require the presence of 
significant quantities of chlorine within range of the 
a-particles. The yield of the (a,) reaction is low, pri- 
marily because of the high threshold for the reaction; 
most of the alphas will have energies below the thresh- 
old. For those with energies just above the threshold 


8 Collins, Nier, and Johnson, Phys. Rev. 84, 717 (1951). 
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TABLE II, Data on argon extracted from radioactive minerals. 


Sample 


Atmospheric® 


Belgian Congo 
Pitchblende 
Ceylon Monazite 


Madagascar 
Euxenite 


Wt. of 


sample 


20.0¢ 
53.2¢ 


109.6 ¢ 
~600! 


Age 
x1076 
yr 


6504 
215° 


60° 


Per- Per- 
cent cent 
ura- tho- 
nium rium 


“4 #60 
0.3 7.8 


6 34 


Isotope ratios 


36/408 
0.00338 
0.00233 

0.0005 

0.00266 
+0.0005 

0.00321 
+0.0005 


Excess A® 
36/38 cc STP/g> 


5.35 
1.6140.04 2 X10" 


4.7140.20 6 xK10°" 


4.724+0.15 9.5x10°" 


« The errors shorn represent the mean deviations of the peak heights. 

> Mass spectrometer cal:brated with krypton tracer. 

© See reference 7. 

4 Alfred O. Nier, Phys. Rev. 55, 153 (1939). 

¢ Helium age as calculated from the quantity of helium obtained from the mineral! 
and the uranium content. 

f Uranium-lead ages. These ages were measured in this laboratory. 


the cross section will be small. The (#,a) reaction on 
potassium seems unlikely because of the nine-Mev 
barrier that the a-particle must penetrate in order to 
leave the nucleus. However, this reaction has the ad- 
vantage that the potassium need not be intimately 
associated with the uranium or thorium. From the 
amount of radiogenic A” present, the potassium con- 
centration is in the range of a few-tenths percent or 
less. This fact also makes this reaction unlikely. Thus, 
though the evidence is not definite, the (a,p) reaction 
on chlorine seems the most likely possibility. 
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Disintegration of Li’ and Li’ by 0.24-Mev Tritons 
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The energy distributions of charged particles emitted in the bombardment of Li® and Li’ by 0.24-Mev 
tritons have been obtained by magnetic analysis and by measuring pulse heights in a proportional counter. 
Q values for the reactions Li®(t,d)Li’, Li®(t,p)Li®, and Li’(1,a)He® were found to be 0.986+-0.007 Mev, 0.790 
+0.011 Mev and 9.79+-0.03 Mev, respectively. The latter, when combined with other accurately measured 
Q values, leads to a He® — Li® mass difference of 3.55+0.03 Mev, which is in agreement with the most recent 
B-ray measurements. Evidence is also presented for an excited state of He® at 1.7140.01 Mev above the 


ground state. 





I. INTRODUCTION 


HE reactions produced by the bombardment of 

light elements with tritium and He’ in general 
have large Q values and sometimes lead to the formation 
of residual nuclei which cannot easily be produced in 
other ways. A systematic study of these reactions has 
been made possible by the technique!’ developed in 
this laboratory for handling and recovering small 
quantities of tritium and He* gases used in the ion 
source of a specially designed low-voltage accelerator,* 
The present paper deals with the energy distributions 
of the protons, deuterons and a-particles emitted when 
the lithium isotopes are bombarded with 0.24-Mev 
tritons. With a Li® target, the reactions Li®(¢,d)Li’, 
Li*(/,p)Li® and Li®(t,a)He® have been observed as well 
as a continuum of a-particles from the three-body 
disintegration Li*(t,n)2a proceeding directly or via 
virtual a-emitting states of Be*. With Li’ as a target, 
two groups of a-particles from the reaction Li’ (t,)He® 


~RCA S819 PHOTOMULTIPLIER 
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Fic. 1. Diagram showing arrangement of target chamber, magnetic 
analyzer and proportional counters. 


* Now at the University of Liverpool, Liverpool, England. 

t Now with Schlumberger Well Surveying Corporation, 
Houston, Texas. 

t Now with Isoto 

1K. W. Allen an 
wae Almqvist, Dewan, and Pepper, Can. J. Phys. 29, 557 


Products Ltd., Oakville, Ontario, Canada. 
E. Almqvist, Rev. Sci. Instr. 24, 70 (1953). 


were observed leading to the ground state of He® and 
to a previously unreported excited state at 1.71 Mev. 
These groups were superimposed on an a-particle 
continuum from the various multibody disintegrations 
that are possible. Brief accounts of these experiments 
have already been published.’ 


II. EXPERIMENTAL TECHNIQUE 
A. Accelerator and Gas Recovery 


The low-voltage accelerator and gas recovery system 
have been described in detail elsewhere.'? Hydrogen 
containing 15 percent tritium was fed into the rf ion 
source through a palladium leak at the rate of about 
10 cc per hour. More than 96 percent of the gas leaving 
the ion source was recovered by a differential pumping 
system employing mercury diffusion pumps. The 
exhaust gas from the last pump, which was modified to 
operate against a backing pressure of 15 mm of mercury, 
was absorbed at room temperature in pyrophoric 
uranium contained in a stainless steel reservoir. By 
heating the reservoir to about 450°C, the hydrogen- 
tritium mixture was re-evolved in a pure state and used 
again in the ion source. A magnetic valve controlled 
from a vacuum gauge was provided to prevent air 
entering the pyrophoric uranium in the event of a leak 
developing in some part of the apparatus. 


B. Target Assembly 


The particle detectors used in this work consisted of 
a large proportional counter which recorded energy 
distributions of disintegration particles directly, and a 
ZnS(Ag) screen and photomultiplier which detected 
particles after their passage through a 90° analyzing 
magnet. In each case the sizes of the amplified pulses 
were displayed on a _ thirty-channel pulse-height 
analyzer.‘ The arrangement of the apparatus is shown 
diagrammatically in Fig. 1. 

The vertical beam from the accelerator was deflected 
in a 90° magnet whose field was chosen to select the 


* Pepper, Allen, Almqvist, and Dewan, Phys. Rev. 85, 155 
(oan): Dewan, Pepper, Allen, and Almqvist, Phys. Rev. 86, 416 
1952). 
( ‘ iia Howell, Battell, and Taplin, Rev. Sci. Instr. 22, 551 
1951). 
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mass-3 component (T+ and H;* ions). This component 
of the beam, after collimation by ,-in. diameter 
apertures 4 in. apart, was allowed to bombard one of 
four targets mounted on a water-cooled insulated 
assembly. The target assembly could be moved on 
vacuum seals so that any one of the four targets could 
be brought into the bombarding position facing either 
a magnetic analyzer or a large proportional counter. 
In the working position a target was inclined at 45° to 
both the ion beam and the particle detector. The 
collimation and entrance apertures were such that 
disintegration particles emitted at 90+2° to the beam 
were recorded. However, because of the low bombarding 
energy employed, this angular spread did not cause 
appreciable broadening of the particle energy dis- 
tribution. 

An additional small proportional counter was 
provided on one side of the target chamber to monitor 
the yield when the magnetic analyzer was in use. 


C. The Magnetic Analyzer 


Disintegration particles from the target were de- 
flected through 90° in a homogeneous magnetic field on 
a radius of curvature of 20 cm. The field was variable 
up to a maximum of 15000 gauss and the current 
through the coils was electronically stabilized. Relative 
values of the magnetic field were measured by the 
voltage developed across a coil rotating in the fringing 
field and driven by a synchronous motor. Absolute 
calibration was made by means of known particle 
groups. As normally set up, the resolution of the 
magnetic analyzer was about 2 percent in momentum 
(total width at half-height). The particles were detected 
by their scintillations in a ZnS(Ag) screen viewed by a 
5819 photomultiplier. The ZnS screen was made by 
dusting the powder on to a piece of cellulose tape and 
shaking off the excess. The screen was mounted on the 
end of a short Lucite light pipe shaped at the other end 
to fit the surface of the photomultiplier. The photo- 
multiplier was provided with mu metal and iron shields 
to reduce the effect of the stray field of the analyzing 
magnet on its operation. The pulses from the photo- 
multiplier, after suitable amplification, were dispalyed 
on a thirty-channel pulse-height analyzer.' 


D. The Proportional Counter 


The large proportional counter used for measuring 
the energies of disintegration particles was constructed 
from an aluminum cylinder 5 in. in diameter and 15 in. 
long. It was provided with a mica window } in. in 
diameter and 1 mg cm™ thick. The mica window was 
plugged into the counter wall on an 0-ring vacuum seal, 
so that windows could be changed easily in case of 
failure. The inner conductor was a tungsten wire 
0.010 in. in diameter, supported at either end by copper 
to glass seals incorporating a guard ring construction. 


AND 685 


Li’ 


TaBLE I. a-particle energy calibration points obtained from 
radioactive sources and nuclear reactions. 


Source a-particle energy (Mev) Reference 


3.43 a 
4.823 b 
5.150 c 
Am*! 5.476 d 
Cm* 6.100 d 
Li’ (p,a)He* a 


D(tan 
1233 


Pu®® 


* Energies are those at 90° to 0.24-Mev beam. Q values were calculated 
from the masses (see reference 5). 

b See reference 6. 

¢ See reference 7. 

4 See reference 8. 


The counter was filled to a pressure of 70 cm of mercury 
with a gas mixture consisting of welding argon with 
1 percent carbon dioxide added. Particles entering 
through the mica window crossed the counter in a 
direction perpendicular to the wire in its central region. 
The counter was normally used with a gas amplification 
of five, obtained with the wire about 2400 volts positive 
with respect to the outer cylinder. The best resolution 
was obtained immediately after filling, when the total 
width at half-maximum was 1.5 percent of the mean 
pulse height for 8,75-Mev a-particles from the Li’ (pa)- 
He! reaction. The width deteriorated to ~2.5 percent 
in a few hours, and then stayed constant for long 
periods. Counter pulses were taken from the central 
wire through a 50-yuf ceramic condenser to a preamp- 
lifier mounted on the end of the counter. Thence, 
the pulses were led to a linear amplifier and pulse-height 
analyzer which were located near the control desk of 
the accelerator. Pulse heights were always referred to 
the output of a stable pulse generator which was 
connected to the input of the preamplifier via a 5-yuf 
condenser. 

A wheel carrying aluminum absorbers and a-particle 
sources for calibration purposes was mounted in vacuo 
between the counter and the target. Table I lists the 
energy calibration points which were used.>~* 


III. DISINTEGRATION OF Li® 


The possible exothermic reactions, with Q values 
calculated from the masses,° are: 


Li6+T=Li’+ D?+0.988 Mev, (1) 
Li§+H'+0.799 Mev, (2) 
2He'+n+ 16.100 Mev, (3) 
He’+ He'+ 15.2 Mev, (4) 
Be*+n-+ 16.004 Mev. (5) 


The low-energy deuterons and protons from reactions 
(1) and (2) were studied with the magnetic analyzer, 


5 Li, Whaling, Fowler, and Lauritsen, Phys. Rev. 83, 512 (1951). 
( 6 T. E. Cranshaw and J. A. Harvey, Can. J. Research A26, 243 
1948). 
7F. Asaro and I. Perlman, Phys. Rev. 88, 828 (1952). 
§ Asaro, Reynolds, and Perlman, Phys. Rev. 87, 277 (1952). 
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Fic, 2, The pulse-height distribution from a ZnS(Ag) screen 
produced by different particles with the same Hp. The energies 
are: deuterons 0,866 Mev, a-particles 1.74 Mev, and He’ particles 
2.32 Mev. 


and the a-particles from reaction (3), (4), and (5) with 
both the analyzer and the proportional counter. Thick 
targets of lithium fluoride were used in which the 
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Fic. 3. Pulse-height distribution from ZnS(Ag) screen produced 
by singly and doubly charged a-particles with the same momentum- 
to-charge ratio. 
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isotopic content of the lithium was 99.4 percent Li®, 
0.6 percent Li’. The triton bombarding energy was 
0.24 Mev. 


A. The Reactions Li®(t.d)Li’ and Li*(t,p)Li*® 


A preliminary investigation with the magnetic 
analyzer revealed two strong deuteron groups from 
reaction (1) superimposed on a background of a-particles 
from reactions (3), (4), and (5). Disintegration particles 
from the reaction Li®(p~,a)He*, which was produced by 
80-kev protons arising from the HHH* component of 
the ion beam, were also observed. 

It so happened that, under the conditions of this 
experiment, the magnetic field required to bend the 
ground state deuterons on to the detector also selected 
doubly charged a-particles and He’ particles from the 
Li®(pa)He’ reaction. At the low bombarding energy of 
80 kev and at 90° to the beam, these a-particles and 
He’ particles had almost identical momenta and were 
not resolved by the magnet. Figure 2 shows a pulse- 
height analysis for a magnetic field close to the ground- 
state deuteron peak from reaction (1). The deuterons 
are quite well separated from the a-particles and He’ 
particles, which are barely resolved. The calculated 
energy ratios for deuterons, doubly charged a-particles 
and He’ particles with the same magnetic rigidity are 
1:2:2.67; the estimated pulse-height ratios are 1:2.1: 
2.9. If only a-particles can reach the ZnS screen, then 
a pulse-height spectrum similar to that of Fig. 3 is 
observed. This curve was obtained by bombarding a 
Li’ target with tritons, with the analyzing magnet 
setting the same as for Fig. 2. The two groups are 
singly and doubly charged a-particles, and the ratio of 
pulse heights is about 0.25, as it should be if the 
response of the ZnS screen is proportional to a-particle 
energy. These measurements suggest that the light 
output of ZnS(Ag) is proportional to the energy of 
heavy particles incident upon it, and independent of 
their nature, as is generally believed. Presumably this 
will only be true for short-range particles, for loss of 
light by scattering and absorption will be serious in the 
thicker layers of ZnS required to stop more energetic 
particles. Thus a ZnS screen forms a very convenient 
energy sensitive detector for use with a magnetic 
analyzer in the low-energy region, where a window is 
undesirable. 

The momentum distributions of the deuterons and 
protons from the reactions Li®(,d)Li’ and Li®(t,p)Lié 
are shown in Fig. 4. The two intense groups are deu- 
terons associated with the formation of Li’ in the 
ground state and in the well-known 478-kev excited 
state. The weak proton group was readily detected 
when the ZnS screen was covered with aluminum foil 
just sufficiently thick to stop a-particles with the same 
momentum as the protons. The dashed curve represents 
the contribution from the reaction Li®(p~,«)He’®, which 
was separated from the deuterons by analysis of the 
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pulse-height distribution from the detector as noted 
above. 
B. Q Values and Discussion 


It was found that the ground-state deuteron group 
coincided exactly in momentum with the a-particles 
and He’ particles from the reaction Li®(p,a)He’, within 
the accuracy of these measurements which was about 
0.5 percent in momentum. As the Q value for the 
Li®(p,a)He* reaction has been measured accurately in 
several laboratories, it provided aa excelient calibration 
for determining the Q value of the Li®(¢,d)Li’ reaction. 
Taking a value of 4.023+0.002 Mev for the former, 
which is a weighted mean of the best measurements,°* 
the latter was found to be 0.986+0.007 Mev. Allowance 
was made for an oil layer equivalent to 0.005 cm air 
on the target. The thickness of this oil layer was 
estimated very roughly by measuring the yield of 
a-particles from the D(t,a)n reaction when the target 
was turned to face the proportional counter on the 
other side of the target assembly. As the H.T. set had 
never had deuterium in it, it was assumed the source of 
deuterium was the natural isotopic content of hydro- 
genous vapors which condensed on the target. It is 
known that the deuterium contamination can be 


TaBLe II. Comparison of measured Q values with those 
calculated from the masses. 


Calc. O (Mev) Meas. Q (Mev) 
0.988 0.986+0.007 
0.790+0.011 


Reaction 
Li® (t,d)Li? 
Li®(t,p)Li8 





reduced very considerably by heating the target." 
This estimate of the thickness of the oil layer was 
almost certainly too low as some of the oil must have 
been carbonized by the beam. The Q value is however 
fairly insensitive to the amount of oil on the target 
since both calibrating a-particles and deuterons go 
through it. A correction of +5 kev was made for thick 
target effect. 

If the energy of the first excited state of Li’ is 
assumed to be 0.478-+-0.007 Mev," the Q of the reaction 
Li®(t,d)Li’ becomes 0.508+-0.007 Mev. From this value, 
and the measured separation in momentum of the low 
energy deuterons and protons from the reaction 
LiS(t,p)Li’, the Q value of the latter reaction was found 
to be 0.790+0.011 Mev. Corrections for an oil layer 
and thick target effect were included. Comparison of 
the measured Q values with those calculated from the 
masses is made in Table II. The difference between the 
two measured Q values, 0.196 Mev, may also be 


® Collins, McKenzie, and Ramm, Proc. Roy. Soc. (London) 
A216, 242 (1953). 

1 Allen, Almqvist, Dewan, Pepper, and Sanders, Phys. Rev. 
82, 262 (1951). 

" Hornyak, Lauritsen, Morrison, and Fowler, Revs. Modern 
Phys. 22, 291 (1950). 
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Fic. 4, Protons and deuterons from Li®+T reactions observed at 
90° to a 0.24-Mev triton beam. The dashed curve represents He’ 
particles and a-particles produced by 80-kev protons on Li®, 


compared with the directly measured Q value of the 
reaction Li’ (d,p)Li*; i.e., 0.191+0.001." 


C. a-Particles from Li'+T 


The energy spectrum of a-particles from reactions 
(3), (4), and (5) obtained from magnetic deflection 
and proportional counter measurements is shown in 
Fig. 5. In the magnetic measurements, the intensity of 
doubly charged a-particles was obtained by integrating 
the area under the upper peak in the pulse analyzer 
curve (compare Fig. 3). The data were then corrected 
for charge exchange in the target’ and plotted on a 
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Fic. 5. The 90° a-particle energy distribution from Li¢+T 
reactions at a triton energy of 0.24 Mev. 


Williamson, Browne, Craig, and Donahue, Phys. Rev. 84, 
731 (1951). 
48 G. H. Briggs, Proc. Roy. Soc. (London) A114, 341 (1927). 
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number versus energy curve to correspond with the 
proportional counter measurements. 

The peak at 8.5 Mev near the upper end of the energy 
spectrum is associated with the formation of He® in 
its unstable ground state. A similar peak is observed in 
the reaction Li’(dj)He®.* The remainder of the 
spectrum appears to be due to the superposition of 
broad overlapping groups of a-particles from the breakup 
of excited states of Be*. No detailed comparison with 
known states of Pe’ can be made without additional 
information about the neutron groups from reaction (5). 

The dashed portion of the curve in the region of 3.4 
Mev represents a-particles from the D(t,n)Het* reaction 
which are always observed when a cooled target 
is bombarded by low-energy tritons. Very low-intensity 
contamination groups at 4.9 and 5.9 Mev, arising from 
the bombardment of a trace of Li’ in the target, also 
appeared. 


IV. DISINTEGRATION OF Li’ 


The energetically possible reactions are: 
Li’+T = He*+He'+9.79 Mev, (1) 
= 2He*+ 2n+8.85 Mev, (2) 
= Be’+n+ 10.42 Mev, (3) 


Reaction (2) may also represent the final products of 
two step processes via the unstable nuclei He® and Be* 
or through virtual excited states of He® and Be’. 

The bombardments were carried out at a triton 
energy of 0.24 Mev, using thick targets of LiF and 
Li,SO, in which the isotopic content of the lithium was 
99.91 percent Li’ and 0.09 percent Li®. The results are 
shown in Fig. 6, identical energy spectra being observed 
for each type of target. In addition to the a-particle 
continuum from reaction (2), there are prominent 
groups at 5.93 and 4.91 Mev and a double peak at 
~3.5 Mev. 
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Fic. 6. The 90° a-particle energy distribution from the Li’+T 
reactions at a triton energy of 0.24 Mev. 


4 Williams, Shepherd, and Haxby, Phys. Rev. 52, 390 (1937). 
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Mass of He‘® 


The group at 5.93 Mev is associated with the forma- 
tion of He’® in its ground state. The energy of this group 
was determined accurately by allowing the a-particles 
to enter the counter simultaneously with a-particles 
from Cm™*, In this way any small shifts in counter 
calibration between runs were eliminated. Such small 
shifts in pulse height, dependent on over-all counting 
rate in the counter, are known to occur. An expanded 
portion of the pulse-height distribution (Fig. 7) shows 
the two groups clearly resolved. The separation of the 
peaks was found to be 0.165+0.017 Mev. Asaro, 
Reynolds, and Perlman* have shown that the a-particle 
spectrum from Cm is complex, 73 percent of the 
a-particles being emiited with an energy of 6.110003 
Mev and 27 percent with an energy of 6.064+0.003 
Mev; residual groups account for less than 0.1 percent 
of the total intensity.'® Therefore, if a weighted mean 
of 6.100+-0.003 is taken for Cm™*, the energy of the 
ground-state a-particle group becomes 5.945+-0.017 
Mev after corrections totalling +0.010 Mev are added 
for thick target effect and for an oil layer on the target. 
The Q value of the reaction Li’ (ta)He® is then calculated 
to be 9.79+0.03 Mev. 

It may be shown that the energy equivalent of the 
mass difference He*—Li® is (Q:+@Q2)— (Q3+Q,), where 
Q;, Qe, Qs, and Q, are respectively the Q values of the 
reactions Li’(p,a)a, T(8)He’, Li®(p,a)He’, and Li’(t,a)- 
He®. The following values were assumed for the Q 
values: (= 17.343+0.007 Mev,®® Q.=0.0186+0.0002 
Mev,'* (;=4.0234+0.002 Mev,*” 0,=9.79+0.03 Mev. 
Thus, 

He®— Li®=3.55+0.03 Mev. 


If the mass of Li® is assumed to be 6.01703, the mass of 
He’ is, therefore, 6.02084+-0.00003. 


Excited States of He® 


The strong group of a-particles at 4.9 Mev (Fig. 6) 
is believed to be associated with the first excited state 
of He*. The energy of the group was found by direct 
comparison with a-particles from Pu® (E= 5.150 Mev) 
which were allowed to enter the target simultaneously 
with those from the Li target. The mean energy derived 
from these runs was 4.91+0.02 Mev. From the directly 
measured energy difference of 1.03+-0.01 Mev between 
this group and the ground state group, the energy of 
the first excited state was found to be 1.71+0.01 Mev. 

The double peak at ~3.5 Mev is believed to be a 
superposition of the usual T+D a-particles at 3.43 Mev 
and the ground-state He® particles associated with the 
5.945-Mev a-particles. There is no evidence for the 
existence of other excited states of He® from the 90° 
a-particle spectrum (Fig. 6). However, in the course of 


6 Asaro, Thompson, and Perlman, Phys. Rev. 92, 694 (1953). 


Curran, Angus, and Cockcroft, Phil. Mag. 40, 53 (1949). 
G. C. Hanna and B. Pontecorvo, Phys. Rev. 75, 983 (1949). 
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some measurements of the angular distribution of the 
two prominent groups, a third group of a-particles was 
observed at backward angles. This group is believed to 
be associated with a second excited state of He® at 
3.35 Mev. A fuller discussion of this state will appear in 
a forthcoming publication. 


DISCUSSION 


Before the present measurements were made, the 
best value for the He*—Li® mass difference appeared 
to be that given by the end point of the 8-ray spectrum, 
3.215+0.015 Mev.'” However, this value was inconsist- 
ent with earlier measurements of the same quantity by 
absorption techniques,'*’ and also with the observation 
that the neutron threshold for the production of He® 
radioactivity in the reaction Be*(n,a)He® was greater 
than 0.6 Mev.” This latter observation implies that 
the He*—Li® mass difference must be greater than 3.44 
Mev. There is no evidence for a y ray associated with 
the 8-particles.’” This puzzling discrepancy is now clear 
since the end point of the 8 spectrum has been re- 
measured as 3.50+-0.05 Mev,”' which is in agreement, 
within experimental error, with the value obtained 
here from reaction ( values. 

The first excited state of He® is unstable against 
dissociation into an a-particle and two neutrons by 
0.78 Mev, and it may be inferred that the dissociation 
does take place because no group of He® particles 
corresponding to the 4.9-Mev a-particles was observed. 
Indeed it would be surprising if the breakup did not 
take place. Although unstable against three body 
disintegrations, this excited state cannot break up into 
He® and a neutron and may be quite narrow. The 
observed width of the 4.9-Mev group was not noticeably 


17 V. Perez-Mendez and H. Brown, Phys. Rev. 77, 404 (1950). 

18T, Bjerge and K. J. Brostrom, Kgl. Danske Videnskab- 
Selskab, Mat.-fys. Medd. 16, No. 8 (1938); H. S. Sommers, Jr., 
and R. Sherr, Phys. Rev. 69, 21 (1946). 

19 W. J. Knox, Phys. Rev. 74, 1192 (194g). 

2 Allen, Burcham, and Wilkinson, Proc. Roy. Soc. (London) 
A192, 114 (1947). 

21Wu, Rustad, Perez-Mendez, and Lidofsky, Phys. Rev. 87, 
1140 (1952). 


AND Li’ 





Li(1,a) He® 


By 
Pee 


COUNTS PER CHANNEL 
. 








ENERGY IN MEV 





ee ane Soe Weer eee 
16 18 20 22 24 
PULSE ANALYSER CHANNEL 


i 





Fic. 7. The pulse-height distribution obtained when a-particles 
from the Li’(t,«)He® reaction and from Cm™ are admitted to the 
counter simultaneously through the same window. Observation 
at 90° to a 0.24-Mev triton beam. 


greater than the experimental width for a particle of 
this energy, which suggests that the width of the 
excited state of He® is probably not greater than about 
100 kev. 
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Nuclear Spin Relaxation by Translational Diffusion. II. Diffusion in a B.C.C. Lattice 


H. C. Torrey 
Department of Physics, Rutgers University, New Brunswick, New Jersey 
(Received July 30, 1954) 


The calculations previously reported of nuclear spin relaxation time when relaxation is influenced by 
random-walk processes have been extended to the case of random walk to nearest neighbor positions in a 
body-centered cubic lattice. Some corrigenda of the previous work are noted. 


I’ a previous article with the above major title' 
(hereinafter referred to as I) the general problem of 
nuclear spin relaxation by diffusion was discussed. 
Quantitative results were obtained for the relaxation 
time 7; for lattice diffusion describable by a random 
walk to nearest neighbor positions in a f.c.c. lattice. 
In the present article the calculations have been 
extended to a b.c.c. lattice. The new results should 
apply to self-diffusion in metallic lithium provided 
that the mechanism in this case is vacancy diffusion as 
appears to be so from the recent studies by Norberg.’ 
In I, it was shown that the spin-lattice relaxation 
time 7, may be obtained to a good approximation, if 


Taste I. Table of the function ¥(ki,y) and of 6) =y(k;,y) 
sa tien: Gyot: 76293, a kainor 76R08). 


vihe, ¥) WX108 


0 0 
0.04043 -4 
0.07394 —6 
0.12866 —6 
0.17172 —6 
0.20542 —6 
0.23137 —§ 
0.25094 —4 
0.26543 —2 
0.27571 —1 
0.28264 0 
0.28693 +1 
0.28907 2 
0.28955 (max) 
0.28953 
0.28864 
0.28681 
0.28086 
0.27304 
0.26417 
0.24535 
0.22686 
0.20967 
0.19415 
0.18024 
0.16497 
0.15174 
0.13029 
0.11380 
0.10083 
0.08189 
0.06883 
0.05930 
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0.01403 
0.01052 
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Torrey, Phys. Rev. 92, 962 (1953). 
Norberg, University of Illinois (private communication). 


one assumes relaxation to be due to dipolar coupling 
rendered time-dependent by lattice diffusion of the 
above type, from the equation 
Ty = (89 /5)y'h?I (1+1) (n/kPu)p(k,4w7), 
where 
(ky) = yG(k,y) +2yG(k,2y) 


and 
—sinx/x dx 


G(k,y)= f 10h) —— 
(1—sinx/x)?+-9" x 
In these equations the parameter k depends on the 
Jattice structure and is given by 


k= (4/3)nob 4147/5 1, 


where mp is the number of sites in a unit cell, 6 is the 
lattice parameter, and / is the distance between nearest 
neighbor sites. 

For a b.c.c. lattice mp=2, 1=4v3b, and? >, 17,-* 
= 29.045/b®. From these data we obtain for a b.c.c. 
lattice k= k,=0.76293. 

With this value of k we have computed the function 
¥(k»,y) by numerical methods. Its values are given in 
Table I. 

In I we stated a value of >, r.~® for a f.c.c. lattice. 
We had obtained this value by summing directly over 
a large number of lattice sites and by integration over 
the remainder. It has since come to our attention that 
this sum has been computed by more accurate methods? 
and that the correct value is 115.6316~*. This value is 
0.2 percent larger than that used in I and leads to the 
value k= k;=0.74280 for a f.c.c. lattice. This new value 
of & results in small changes in the function W(k,,y) 
reported in I. Although these changes are not significant 
experimentally, we reproduce them for completeness 
in the third column of Table I. The numbers in this 
column should be added to the tabulated values of 
¥(k,y) in Table II of article I in order to obtain 
¥(0.74280,y). Also the value of y at maximum y is 
changed to 0.6027 for the new value of k. The corre- 
sponding value of Wmax is 0.29063. These corrections 
were obtained by linear extrapolation from the previous 
results for k=0.74335 and the present results for 
k=0.76293. Incidently, Eq. (84) of I was incorrectly 
reproduced and should contain a factor k~' on the right. 

The author is indebted to Mr. James Simpson for 
help in computational work. 


*J. E. Jones and A. E. Ingham, Proc. Roy. Soc. (London) 
A107, 636 (1925). 
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Direct Quantitative Observation of the Three-Photon Annihilation 
of a Positron-Negatron Pair* 


J. K. Basson 
National Physical Laboratory, Council for Scientific and Industrial Research, Pretoria, Union of South Africa 


(Received January 11, 1954) 


Three-photon annihilation of the positron with a negatron has been determined quantitatively as well as 
qualitatively by the simultaneous observation of the emitted photons with scintillation counters. The ratio 
of the reaction cross sections for two- and three-photon annihilation has been determined as o24/o03,= 402 
+50. This is in agreement with the theory of Ore and Powell but definitely differs from the theoretical values 


obtained by Lifshitz and by Ivanenko and Sokolov. 





INTRODUCTION 


HE possibility that an appreciable part of posi- 
tron-negatron reactions might result in annihila- 
tion with the radiation of three photons, was first 
theoretically postulated by Lifshitz' and by Ivanenko 
and Sokolov? and a short while later by Ore and Powell.’ 
They all used the time-independent perturbation theory 
to compute the cross section for three-photon annihila- 
tion. The influence of Coulomb binding was neglected 
and plane wave functions were assumed for the initial 
and final states of the positron-negatron system. Similar 
results were obtained but with different numerical 
values. 

When the positron and negatron meet in free space 
they can be considered to form a bound system similar 
to that of the hydrogen atom, as suggested by Wheeler.‘ 
The triplet or singlet state is formed depending on 
whether the spins of the positron and negatron are 
parallel or antiparallel. These states are called re- 
spectively ortho- and para-positronium. Transitions 
between the two are strictly forbidden.’ 

The singlet state is annihilated with the emission 
of two quanta, while the triplet state has to emit three 
quanta in order to conserve the total spin. Because of 
the multipole nature of the last process, ortho-posi- 
tronium has a lifetime (1.4 10~7 sec®) markedly longer 
than that of para-positronium (1.25X10~" sec‘), and 
threefold annihilation has a correspondingly smaller 
chance of occurring. 

The optical spectrum of positronium has not yet been 
observed,’ but the formation of the triplet atom in 
gases has been observed experimentally by Deutsch® 
with Na” as the positron emitter. In a gas at normal 
temperature and pressure, the positronium atom will 
undergo thermal collisions at the rate of the order of 


* This work forms part of a thesis submitted in August, 1953, 
to the University of Pretoria in partial fulfillment of the require- 
ments for the degree of D.Sc. 

1 E. M. Lifshitz, Doklady Akad. Nauk. S.S.S.R. 60, 207 (1948). 

2D. Ivanenko and A. Sokolov, Doklady Akad. Nauk. S.S.S.R. 
61, 51 (1948). 

3A. Ore and J. L. Powell, Phys. Rev. 75, 1696 (1949). 

4J. A. Wheeler, Ann. N. Y. Acad. Sci. 48, 219 (1946). 

( 5 J. D. Fox and J. Korringa, Ned. Tijdschr. Natuurk. 18, 304 
1952). 
*M. Deutsch, Phys. Rev. 82, 455 (1951); 83, 866 (1951). 


10" per second. This may result in the de-excitation of 
the triplet state to the singlet state, with resulting two- 
instead of three-photon annihilation, in a gas (such as 
NO) where electron exchange takes place easily. The 
number of delayed (~10~7 sec) coincidences between 
the emission of the gamma quantum from the decay 
of the Na*” nucleus and the appearance of an annihila- 
tion quantum when the positron is brought to rest in 
the gas, has been measured by Deutsch in different gas 
mixtures. In the case of nitrogen, for example, the 
number of delayed coincidences—due to the formation 
of ortho-positronium—is markedly decreased by the 
addition of a few percent of NO. The electrons from the 
positronium atom are easily exchanged during a colli- 
sion with an unpaired electron (from the NO) with 
opposite spin. Furthermore, by observing the number 
of delayed coincidences from positron capture in freon 
(where this exchange is almost nonexistent) as a func- 
tion of the pressure and extrapolating to zero pressure, 
Deutsch found for the lifetime of the ortho-positronium 
a value in good agreement with the theoretical value 
of Ore and Powell. 

When the positrons are brought to rest in a solid 
no positronium is formed. The smallest Bohr radius of 
the positronium atom is about one angstrom,’ while 
the lattice distances in a crystal are of the order of 
only a few angstroms. Because of the intense perturb- 
ing influence of the ionic and electronic fields that it 
would experience, a positronium atom could not exist 
in a solid. The positron moves through the substance 
till it is brought to rest and then it is annihilated by a 
negatron without any real binding by any one of them. 
(According to Heitler,* the chance that a positron with 
an energy of 0.55 Mev, from Na”, will be destroyed 
before being brought to rest, is about 3 percent.) 
The particles which are annihilated can therefore be 
regarded as quite free and the ratio of two- to three- 
photon annihilation therefore equals the ratio of the 
reaction cross sections, i.€., o2%/o3%. 


7 The Bohr radius of the hydrogen atom is a= h?/me*=0.525A. 
The effective mass of the electron in the positronium atom is 
half of that in the hydrogen atom. Its Bohr radius is therefore 
1.05A. 

*W. Heitler, The Quantum Theory of Radiation (Oxford Uni- 
versity Press, London, 1944), p. 231. 
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The first direct observation of this three-photon 
process was made by Rich,*® who obtained threefold 
coincidences from three scintillation counters spaced 
around a Cu™ source of positrons. He did not obtain 
quantitative results accurate enough to discriminate 
between the various theoretical results. With the aid 
of NaI(Tl) counters, De Benedetti and Siegel'® meas- 
ured the three-photon disintegration rate of Na” posi- 
trons, stopped in aluminum. Owing to lack of knowledge 
of source strength and counter efficiencies, they could 
only report a correspondence within a factor of two with 
the theory of Ore and Powell. 

It was therefore considered worthwhile to make an 
accurate, direct determination of oo:/o3:, since it would, 
apart from its relation to positron-negatron annihila- 
tion, yield a method of testing the theoretical founda- 
tion of the computations. 


CALCULATIONS 
The different ways in which a positron-negatron pair 
can be annihilated are determined by the laws of energy 
and momentum conservation. In the case of three- 
photon annihilation these laws reduce to 


energy conservation : ki+k2+k;= 2m; (1) 
momentum conservation: k;+k.+k;=0. (2) 


Figure 1 gives the spectrum of the individual photons 
according to Ore and Powell. The type of annihilation 
with the greatest probability is that in which one quan- 
tum has an energy m and the other two are emitted in 
the opposite direction. This form of annihilation is im- 
practical to observe due to the intense background of 
two-photon annihilation. In this work a symmetrical 
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Fic. 1. Energy spectrum of individual photons from the three- 
hoton annihilation of an electron and a positron—Ore and 
owell. 


*J. A. Rich, Phys. Rev. 81, 140 (1951). 

”S. De Benedetti and R. Siegel, Phys. Rev. 85, 371 (1952). 

i For references to further work on this subject, see M. Deutsch 
in Progress in Nuclear Physics, edited by O. R. Frisch (Academic 
Press, New York, 1953), Vol. 3, p. 131. 
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120° setup has been chosen as it also simplifies the 
calculation of the fraction of all threefold annihilations 
observed with our experimental setup. In this case the 
three photons have the same energy, i.e., m= 340 kev. 

Equation (2) of Ore and Powell’ gives the probability 
of three-photon annihilation in terms of the matrix 
Hra (which gives the relation between the initial and 


final states of the system) and pr (the phase density 


of the final states per unit energy interval) 
dP=2n|Hra|’pr. (3) 


Substituting the values of |Hr|* and pr from their 
Eqs. (4) and (5) gives 
e*K* 
dP= [ (1—cosa)?+ (1—cos8)?+ (1—cosy)*] 
3m?m* 
X dkidkodQ,, 


where a, 8, and y are the angles between k» and k;, 
ky and ky, and k; and ke, respectively, and 1/« is twice 
the Bohr radius. The term dP is the probability that 
the positron and negatron are annihilated to give three 
photons such that the energy of photon 1 lies between 
k; and k;+dk,, with direction in the small solid angle 
dQ, and the energy of photon 2 between ky and k2+dko. 
These three conditions completely determine the 
manner of annihilation. 

To normalize, we have to divide dP by P the total 
probability of threefold annihilation which, according 
to Ore and Powell, is 

6e** 
~(x?—9). 
on? 


This gives dW, the fraction of all threefold annihilation 


within the limits dk,, dke, and dQ, 
dW =dP/P 


[ (1—cosa)*+ (1—cos8)? 
+(1—cosy)* |dkidkedQ;. (4) 


Resolving (2) into its X and Y components (with the 
X axis in the direction of k; (see Fig. 2) gives 


kitk, cosy+ks cosB=0, 
ke siny—k; sin8=0. 


ie 8am? (x? —9) 


(All the Z components disappear as the X-Y plane is 
chosen so that the three photons fall in it.) Furthermore 
a+6+~7= 22. Therefore 

2m sina 


sake sina+sin8+ siny 
2m sing 

$ sina+sing+ siny’ 
2m siny 


k3= . 
: sina+sin8+siny 
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This gives k, and k, as functions of a and 8. Equation 
(4) can now be transformed by means of the Jacobian, 


O(ki,k2) 4m? sina sing siny 
0(a,8) ii (sina+sin8+siny)* 





and becomes 


3 
W= —[(1—cosa)?+ (1—cos8)*+ (1—cosy)*] 
2x (x?—9) 
sina sing siny 
x dadBdQ. (5) 
(sina+sin8-+-siny)* 





Since da, dB, and dQ are small angles in this experi- 
mental setup, the probability can be assumed to be 
constant over the range da, d8, and dQ and equal to 
that at a=120° and 8=120°. Substituting in (5) gives 


3 
peas OS (6) 
8x (4?—9) 


Now a and § can vary from 0 to 2 and 2 from 0 to 
4m. Therefore the fraction of the total a, 8,Q2 phase 
space observed is 


1 
B=——dadpdQ. (7) 
16x° 


This gives the fraction of all random threefold annihila- 
tions which can be observed with our setup, assuming 
the probability to remain constant within its limits. 
Furthermore, the three photons are emitted in the same 
plane. This factor B is now calculated by means of 
elementary coordinate geometry as follows: 
A random plane intersecting all three counters is 
given by 
lx+my+nz=0, (8) 


where /, m, and m are the directional cosines of its 
orthogonal. Also, 
P+m?+n?= 1. (9) 


The equations for the circular front surfaces of the 
counters are: 


Counter 1: 
x=R, 


ytstar, 


where R equals the distance from source to counter 
and r the radius of each counter; 


(10) 


Counter 2: 
x—V3y+2R=0, 


e+ytet= Re; 
Counter 3: 
x+v3y+2R=0, 


+ ytet= RP, 


qz 


counter 3 


counter 2 








counter | 


x 
Fic. 2. Positions of front surfaces of scintillation counters 
with respect to our coordinate system. 


The random plane now intersects the three counters 
in lines AB, CD, and EF. Solving for AB from Eqs. 
(8), (9), and (10) gives 


P 
1B=4(r— _R), 
1-P 


\ . (l—v3m)? 
CD=4| r-—-————_ -R*], 
4—(l—v3m)? 


Similarly, 


(1+-v3m)? re] 
4—(I+v3m)? J 


EF= | 


The fraction of all three-photon annihilations, in 
one specific plane, through the three counters, is 


AB CD EF 
6Xx——X—-xX—, 
2rR 2eR 2«nR 
where AB, CD, and EF are functions only of 1(=cos@) 
and m(=cos@). The factor 6 is introduced as there are 
6 possible ways of annihilation giving photons in the 
three directions. The fraction of all planes with direc- 
tional angles between ¢ and ¢+<d@, and @ and 0+d@ is 
therefore 
AB CD EF d do 
dB=6X——X——X K~K—. 
2eR 2eR 2eR 2n Dd 


The total fraction observed by our setup is 


6 AB-CD- EF 
PI ht 
(2n)$ R’ 


This integration takes place over the ranges of @ and 
@ where the plane still cuts all three counters. At the 
limits the plane touches one or more of the counters. 





(13) 
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For Counter 1, these boundaries are given by 


P 
4B=4(r-——R)=0 
1-P 


As | and m are the cosines of large angles, <1>>m’. 
Also, we make the substitution r/R=/. Then for the 
limits determined by Counter 1, 


l=+f. 
Similarly, the limits determined by Counter 2 are 
l—v3 = +2f; 
and the limits determined by Counter 3 are 
l+-v3m=+2/. 


Now /=cos@ and therefore dp= —dl/(1—P)!= —dl; 
similarly d#~—dm. Substituting further a=//f and 
b=v3m/f in (13) gives 


12f° 


Bm od J ta] 
x [4—(a+b)*]} idbda, 


where the integration takes place within the limits 
given by 
a=+1, a—-b=42, a+b=+2. 
Numerical integration gives 
12/* 
B=— 
v3 (29) 


Substituting (7) and (14) into (6) gives 


13.8 


3 
—X 162° B 
8a (x?—9) 


= 0,665 f°. 


dW= 


Now the fraction of space subtended by each counter 
is AQ/4r=ar?/4rR’?=} f*. Therefore, 


dW = 21.3(402/4x)*". 


The probable error of this calculation is less than 2 
percent. 
EXPERIMENTAL PROCEDURE 


Three NalI(TI) scintillation counters were placed 
around the Na™ source (as NaCl) in a container of 
aluminum which was thick enough to stop all the posi- 
trons. The 2.5-cmX4-cm diameter crystals were 
mounted directly on the 5819 photomultipliers with 
silicone grease and MgO as reflector. Jordan-Bell 
amplifiers were used with shorted delay-line shaping 
of the input pulses and connected to conventional dif- 
ferential discriminators. The output pulses from the 
discriminators were fed into a threefold coincidence 
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circuit. It was found that the resolving time could be 
decreased to 4.5X10~7 sec before losing any genuine 
coincidences. 
The number of genuine coincidences, observed with 
this setup, is given by 
Tsk 
K; Se pete ~Neere,dW, 


Trxe+ox% 


(15) 


where V =disintegration rate of Na” source, e,=effi- 
ciency of Counter 1, ¢.=efficiency of Counter 2, and 
es;= efficiency of Counter 3. Substituting the value that 
we obtained for dW gives 


ox Ne eres AQY 5? 
- ae 21.3( ) —1. 


4 


T3k K; 


Each parameter on the right-hand side of this equation 
was determined separately. 


Determination of N 


The disintegration rate of the Na” was determined 
with a 4m counter as 0.436+0.013 rutherford. 


Determination of AQ/4x 


The solid angles subtended at the source by the 
different counters were first made equal. Two counters 
were placed on opposite sides of the source. Counter 1 
was fixed at about 9 cm distance while the position of 
counter 2 could be read on a scale. The windows of 
both discriminators were adjusted on the 510-kev 
annihilation peak, and twofold coincidences were ob- 
served for various distances from Counter 2 to source. 
When the solid angle of Counter 2 is bigger than that 
of Counter 1, the coincidence counting rate is deter- 
mined by Counter 1 and is constant. As soon as Counter 
2 is moved farther away from the source, the coinci- 
dence counting rate is determined by the solid angle of 
Counter 2 and the counting rate drops. Counter 2 could 
therefore be adjusted to a position with solid angle 
equal to that of Counter 1. Now the individual counting 
rates are given by 


NY = 2Ne;/AQ/4n, 
N2! =2Ne/A0/4e, 
where ¢;’ is the efficiency of Counter 1 for 510-kev 


photons and ¢,’ is the efficiency of Counter 2 for 510- 
kev photons. The coincidence rate is 


K 12> 2Ney'e2'AQ/ 4r, 


as every photon into Counter 1 is accompanied by one 
in the direction of Counter 2. This gives 


AQ/4r= Ny'N1!/2NKi2. 


Now Counter 2 is moved to the 120° position such 
that its counting rate, and therefore its solid angle, 
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remains the same. The accidental twofold coincidence 
rate is determined in this position. The expression 
AQ/4 was found to be 1.41 10~. 

The same procedure was repeated with Counters 1 
and 3, giving AQ/4r=1.38X10~. The average value 
was taken as (1.40+0.04) x 10~. 


Determination of e,, e2, and e; 


The efficiencies of the three counters for 340-kev 
radiation were determined with an I'*' source emitting 
364-kev photons instead of the Na”. The I’ source 
had been calibrated with the 4m counter. It emits the 
following gamma rays with intensities as indicated :" 
80 kev—-2.17 percent; 163 kev—<0.5 percent; 284 
kev—5.3 percent ; 364 kev—80.0 percent ; 637 key—9.3 
percent ; 722 kev—-2.8 percent. 

With the window of the differential discriminators 
adjusted to the region from 200-450 kev, the 80-kev 
and 163-kev photons could be neglected. The scintilla- 
tion spectra of the 722-kev and 637-kev photons were 
extrapolated from the high-energy region to 200 kev 
in analogy with the spectrum of the 662-kev photons 
from Cs'*?7 and with due regard to their relative in- 
tensities. Only the photopeak of the 284-kev photons 
falls inside the discriminator window and this peak was 
drawn from the knowledge of its intensity and the 
resolution of the scintillation counter (see Fig. 3). The 
area of these three curves falling inside the region 
200-450 kev was subtracted from the total gamma 
spectrum, giving the fraction due to the 364-kev pho- 
tons as 0.88. Now the efficiency of the mth counter is 
given by 


where J, is the counting rate of scintillation counter n 
and D is the disintegration rate of the I'*' source. 

The efficiencies of the three counters were found to 
be ¢,;=0.357, e2=0.305, and e;=0.369 (6 percent prob- 
able error). It was then assumed that the efficiencies for 
340-kev photons would be near enough to these values— 
after adjusting the bias of the discriminator 24 kev 
lower. 


Determination of K; 


Threefold coincidences were determined with the 
discriminator bias adjusted to the 340-kev photopeak— 
the window width remaining the same. The random 
coincidence rate was determined with one of the 
counters lifted out of the plane but with exactly the 
same individual counting rate. We obtained a total 
counting rate (coplanar) of 


K3;+7;=2.9340.12 per minute, 
"R. E. Bell and R. L. Graham, Phys. Rev. 86, 212 (1952). 
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Fic. 3. Pulse distribution of photons from I'* showing the 
window of the differential discriminator as well as the extrapolated 
284-, 637-, and 722-kev spectra. 


and a random counting rate (out of plane) of 


T;=1.65+0.09 per minute. 
Therefore, the true threefold coincidence rate is 
K;=1.28 per minute. 
Substituting these values in (15) gave 


O2n/ Oak = 402+50. 


DISCUSSION 


The difference in threefold coincidence counting rate 
with one counter in or out of the plane cannot be 
ascribed to anything else than the emission of three 
simultaneous quanta by the source. The annihilation of 
the positron by a negatron, with emission of three 
quanta instead of the usual two, has therefore been 
quantitatively confirmed by direct observation of the 
three quanta. 

The following values for the ratio o2/03, between 
the cross sections for two- and three-photon annihila- 
tion have been obtained previously : 


Theoretically 


Ore and Powell* 
Lifshitz! 
Ivanenko and Sokolov? 


Experimentally 


Rich’ and De Benedetti and Siegel" observed the 
three-photon annihilation directly, but could only 
state that the order of magnitude of the effect corre- 
sponded with the value of Ore and Powell. 





696 Ji 


Deutsch® determined the lifetime of ortho-posi- 
tronium as observed in freon. He obtained 
1/*r== (6.84-0.7) X 10° sec. 
Therefore, 
On / Ose = ; 87 /\p = 398+ 40, 


which is in agreement with our value. 
The theory of Ore and Powell for the three-photon 
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annihilation of a positron-negatron pair has therefore 
been directly confirmed. The numerical results of 
Lifshitz and Ivanenko and Sokolov are definitely in 
disagreement with our experimental results. 

The author would like to express his indebtedness to 
the South African Council for Scientific and Industrial 
Research for permission to publish this paper, and to 
Dr. S. J. du Toit, head of the Nuclear Physics Division, 
for suggesting this problem. 
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Fission Yield Fine Structure in the Mass Region 99-106* 


Donatp R. Wirest AND Cuartes D. Coryett 
Department of Chemistry and Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, Massachusetts 
(Received July 20, 1954) 


Fission yield measurements were carried out in the mass region 99 to 106 to investigate previously postu- 
lated fine structure related to nuclear closed shells. Radiochemical data were obtained in this mass region 
in the fission reactions U™*(n,f), U**(y,f), U™*(d,f), and U**(d,f) for the yields of Mo”, Mo™!, Mo™, 
Ru™, Ru, and Ru’. Fine structure spikes were found in all reactions. It was found that the mass position 
of the spikes can be explained by the assumption that primary fission fragments with 82 neutrons or 50 
protons and their complements have an enhanced yield as a result of selectivity in the fission process itself. 
Agreement was also found with two previously known reactions: U™(n,f) and Cm*? spontaneous fission. 
Fine structure is also predicted for several other fission reactions. 


I, INTRODUCTION 


INCE the discovery of fission in 1939, a great deal 

of work has been done by nuclear chemists to in- 
vestigate the problem of the distribution of mass be- 
tween the fission fragments. It was found quite early 
that fission is asymmetric, and that the distribution of 
mass could be described,' at least approximately, by 
a smooth curve with two broad maxima. This fact has 
been verified many times, for many fission reactions, 
and although the shape and mass position of the yield- 
mass curve may change somewhat, all cases of low- 
and medium-energy fission seem to follow the same type 
of mass distribution. 

Several significant departures from the smooth dis- 
tribution curve have been discovered, however, and in 
certain mass regions the smooth curve is found to be 
totally inadequate. The earliest indication of anomalous 
yields was reported by Thode and Graham,’ who found 


* This work was supported in part by the U. S. Atomic Energy 
Commission. 

Presented in partial fulfillment for the Ph.D. degree in the 

Department of Chemistry, Massachusetts Institute of Tech- 
nology, Cambridge, Massachusetts, November, 1953. The findings 
of this study were reported briefly at the Hauptversammlung of 
Die Deutsche Bunsen Gesellschaft, Bayreuth, Germany, May 28- 
29, 1954; to be published in Z, Electrochemie. 
+ Present address: Kjemisk Institutt, Blindern-Oslo, Norway. 
1 See, for example, C. D. Coryell and N. Sugarman, editors, 
Radi ical Studies: The Fission Products (McGraw-Hill Book 
Company, Inc., New York, 1951), National Nuclear Energy 
Series, Vol. 9, Div. IV. 

2H. G. Thode and R. L. Graham, Can. J. Research A25, 1 


(1947). 


that the measured yields of Kr* and Xe" were about 
35 percent too high to lie on any continuous smooth 
curve. Stanley and Katcoff* found the cumulative 
yield of I'** in the thermal-neutron fission of U** to be 
3.1 percent, while the next member of the same chain, 
Xe"*, whose independent fission yield was estimated‘ 
to be about 0.4 percent, had been found by Thode and 
Graham? to have a cumulative yield of 6.1 percent. 
This indicated a much higher independent yield for 
Xe"™*® than could easily be explained. Still another 
anomalous fission yield was found by Macnamara, 
Collins, and Thode,® in that the fission yield of Xe'™ 
was found to be 6.3 percent instead of the expected 
5.0 percent. Recent studies*’? have led to somewhat 
higher absolute values for the xenon fission yields. 
These so-called fine-structure phenomena, as known 
up to that point, were explained satisfactorily by 
Glendenin.* He postulated that in all cases where a 
primary fission fragment contains one neutron in excess 
of a closed shell (i.e., contains 51 or 83 neutrons) this 
extra loosely bound neutron is immediately lost. This 
neutron loss, considered to be entirely independent of 
3C. W. Stanley and S. Katcoff, J. Chem. Phys. 17, 653 (1949). 
4 Glendenin, Coryell, and Edwards, Paper 52 of reference 1. 
5 Macnamara, Collins, and Thode, Phys. Rev. 78, 129 (1950). 
*S. Katcoff and W. Rubinson, Phys. Rev. 91, 1458 (1953). 
7A. C. Pappas, Laboratory for Nuclear Science, Technical 
Report No. 63, Massachusetts Institute of Technology, Sep- 
tember, 1953 (unpublished). 
8, E. Glendenin, Laboratory for Nuclear Science and En- 
gineering, Technical Report No. 35, Massachusetts Institute of 
Technology, August, 1949 (unpublished). 
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the known prompt neutron emission, results in a de- 
crease in yield at the mass of the shell-plus-one frag- 
ment, and an equal increase in yield at the mass of the 
closed-shell fragment. The high fission yields of masses 
133 and 134, and the anomalous yields at mass 136 
were thus explained semiquantitatively as the influence 
of the 82-neutron shell on neutron emission. It should 
be noted that although this postulate has been modified 
by Wiles,’ who considered the amount of neutron loss 
to be a function of the neutron-proton ratio as com- 
pared with the same ratio for stable nuclei, and by 
Pappas,’ who extended the postulate to the third, fifth, 
and seventh neutrons in excess of a closed shell, based 
on studies of shell effects in neutron-binding energies 
and the emission of neutrons from fission fragments, 
the underlying principle of neutron loss remains essen- 
tially as conceived by Glendenin.* 

This shifting of mass yield, as explained by Glendenin, 
requires that a depression in fission yields occur at 
about masses 135-137, to balance the excess at masses 
133 and 134. Wiles,’ in a mass-spectrometer study of the 
fission-produced cesium isotopes of masses 133, 135, 
and 137, found that no such dip occurs. To explain this, 
it was proposed’ that in addition to the neutron-loss 
mechanism of Glendenin, an additional effect occurs, 
namely, that primary fission fragments with a closed 
shell of 82 neutrons have a somewhat enhanced yield. 
This “extra” primary yield or selectivity was postulated 
to be some function of the expected unperturbed yield 
of that fragment, as calculated using the postulate of 
equal charge displacement.‘ Fission-yield calculations 
based on this proposal, and on a slightly modified form 
of Glendenin’s original hypothesis, were found to fit 
the experimental data quite well from mass 132 to 
mass 137. Pappas’ found good agreement between the 
predicted and the measured values in the mass region 
130 to 150 except at masses 134 and 135, where the 
observed values were somewhat higher than expected. 
In order to account for this, he, too, found it necessary 
to include some enhanced yield for 82-neutron frag- 
ments, as well as a lower probability for neutron 
emission from these fragments. 

It is a necessary consequence of this proposed se- 
lectivity in the fission process that the fragment which 
is complementary to the 82-neutron fragment must 
also have an enhanced yield. It was predicted by Wiles,” 
and at about the same time independently discovered 
by Glendenin, Steinberg, Inghram and Hess," that a 
fine-structure spike occurs at mass 100 in the thermal- 
neutron fission of U™¥*. Primary selectivity expected 
for 50 neutrons would occur near masses 84-85 and 


®D. R. Wiles, M.Sc. thesis in chemistry, McMaster University, 
Hamilton, Ontario, Canada, October, 1950 (unpublished); Wiles, 
Smith, Horsley, and Thode, Can. J. Phys. 31, 419 (1953). 

1D. R. Wiles, Laboratory for Nuclear Science, Quarterly Re- 
port, Massachusetts Institute of Technology, August, 1951 
(unpublished). 

1 Glendenin, Steinberg, Inghram, and Hess, Phys. Rev. 84, 
860 (1951). 
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147-149 in the thermal-neutron fission of U™*, where 
the fission yields are low and changing rapidly with 
mass. Thus the effect will be harder to interpret. 
Primary selectivity for 50 protons would be expected 
near masses 129-131 and the complementary masses 
103-105. 

The present work is a study of this primary selec- 
tivity in the fission process, and of its relation to nuclear 
closed shells, NV =82 and Z=50. The region of i'1e com- 
plementary fine structure, i.e., masses 99-105, was 
chosen for this investigation to avoid the complications 
introduced by the superposition of the two types of 
fine structure that occur between masses 132 and 137. 
A study of the complementary fine structure is some- 
what complicated by the uncertainty in the number of 
prompt neutrons lost by each fission fragment before 
it becomes an experimentally observable fission product. 
However, this was found not to be a very serious 
obstacle. 

Fission yields can be determined by the mass-spectro- 
metric method only for samples which have undergone 
very large amounts of fission. Radiochemical deter- 
minations permit study of a much greater variety of 
fission processes, but pains must be taken to compare 
8 activities on an absolute basis. Gaps occur in the 
information where species are too short lived to be deter- 
mined quantitatively, such as at mass numbers 96, 98, 
100, and 104. 


Il. EXPERIMENTAL 


Fission yields have been determined for 14.6-min 
Mo™ and 11.0-min Mo relative to 67-hr Mo”, and 
for 67-hr Mo”, 43-day Ru, 4.5-hr Rh, and 1.0-yr 
Ru", all relative to 12.8-day Ba. These yields were 
measured in the thermal-neutron fission of U™5, the 
13-Mev photofission of U**, and in the 15-Mev deuteron 
fission of U¥® and U™®, 


Irradiation Procedures 


The thermal-neutron irradiations were done at the 
M.I.T. cyclotron, where neutrons are produced by the 
Be(d,n) reaction. The neutrons were thermalized by 
the 4-inch thick walls of a paraffin block which held 
the sample. The samples were irradiated either as solid 
UO; or as a solution of UO.Cl, in 12M HCl. 

For the photofission experiments, irradiations were 
made in the 13.5-Mev electron beam of the M.LT. 
linear accelerator. The maximum energy of the elec- 
trons was 13.5 Mev, the most probable electron energy 
was 13.0 Mev. The electrons were stopped in a }-inch 
lead plate, placed immediately in front of the sample, 
which gave rise to a complete spectrum of bremsstrah- 
lung with maximum energy just over 13 Mev. Irradia- 
tions were made on UQ3. 

Deuteron irradiations were made in the external 
beam of the M.I.T. cyclotron. The energy of the deu- 
terons striking the target was 15 Mev. Irradiations 
were made on natural UO; (U8), and on nearly pure 
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U™*, in the form of U,Os, kindly loaned by the U. S. 
Atomic Energy Commission. 

In some cases, the samples to be irradiated were so 
small (~10 mg) as to involve possible loss of fission 
fragments by recoil, or loss of fission-produced xenon 
by gaseous effusion. In such cases, the samples were 
tightly wrapped in several thicknesses (~12 mg/cm? 
total) of aluminvm foil, and this foil was dissolved 
and processed with the sample. 


Chemical Procedures 


Molybdenum was separated from the fission mixture 
by extraction into diethyl ether from 6V HCl, after 
addition of Te'’, TeY', and Mo”! carriers. After back 
extraction into water, impurities such as Ga, Sb, Te, 
and other elements which are extracted slightly under 
these conditions were removed by scavenging with 
Fe(OH),;. Technetium was found to follow the molyb- 
denum almost completely up to this point, and rhenium 
was here added to act as hold-back carrier. The molyb- 
denum was finally precipitated from the hot, buffered 
solution by 8-hydroxyquinoline (oxine). When the short- 
lived molybdenum isotopes were being studied, it was 
found that the separation could be done in about fifteen 
minutes. For this fast separation, in which only a small 
amount (~1 mg total weight) of molybdenum oxinate 
was separated, drying of the sample was done by wash- 
ing the sample, on the filter paper, first with boiling 
water, then with dioxane, and finally with ether. The 
chemical yield was of no importance in these cases, 








(Mo - Te)". 108 


Ses 2 ae ee ee 
0 1 eet TS 
TIME (Hours) 





Activity (c/m) 


© Observed 
Net (less Mo%®) 
4 Net less (Mo-Tc)'™ 








[ ‘CaS = 


| 1 i 
3.00 





000 100 2:00 
TIME (Hours) 


Fic, 1. Analysis of Mo-Tc decay curve. 


D. R. WILES AND C. D. CORYELL 


because Mo” was used as an internal standard for 
fission. The samples were mounted as the oxinate. 
Tracer tests showed that separation from technetium 
in this fast procedure is better than a factor of 200, 
and that separation from tellurium is a factor of 10° 
or better. Separation from all other fission products is 
expected to be much better than 10°. 

When 67-hr Mo” was being studied relative to Ba™, 
the separation was done by the same method, but care 
was taken to get a stoichiometric compound, without 
coprecipitated reagent. Drying was done in an oven at 
110° for fifteen minutes. The carrier was standardized 
by the same procedure. 

Ruthenium separation was done by distillation of the 
tetraoxide with carrier from a perchloric acid solution 
of the fission mixture. Separation from technetium was 
done by precipitating the hydrous oxide, RuO:, by 
reduction of the alkaline solution with alcohol. This 
precipitate was dissolved in HCI, and ruthenium metal 
was precipitated by reduction with powdered mag- 
nesium. The metal precipitate was filtered and washed 
with water, alcohol, and ether, and dried at 110° for 
ten minutes. When essentially weightless sources were 
needed, an aliquot, containing <20 micrograms of 
ruthenium, was evaporated to dryness on the source 
mounting. The chemical yield was determined colori- 
metrically by the thiourea method, using an identical 
aliquot. 

Barium was separated by precipitation at 0°C as 
BaCl,-H,O by HCl-ether reagent (1 part diethyl ether, 
5 parts concentrated HCl). The precipitate was dis- 
solved in water, and a ferric hydroxide scavenging was 
performed. The chloride precipitation was repeated 
twice, and the final precipitate was filtered and dried 
with alcohol, ether, and suction. 


Beta Counting 


The standard mounting for samples consisted of a 
21-mm diameter filter paper disk (14.6 mg/cm?) onto 
which the sample was filtered, supported by Scotch 
Tape (8.5 mg/cm’), in a 1-inch hole in a 23-inch by 
3}-inch card. The sample was covered with a film of 
polystyrene (2.5 mg/cm?). For counting, this sample 
was supported by an aluminum shelf arrangement, 
about 2 cm below an end-window G. M. counter 
(Tracerlab TGC-1). The whole counting assembly was 
in an aluminum-lined lead shield with 14-inch walls. 

In order to compensate for scattering and absorp- 
tion of the beta radiation by the counting assembly, 
by the air gap, and by the sample itself, appropriate 
corrections were made. The corrections used were nearly 
identical with those of Pappas,’ which are derived from 
the work of Zumwalt," Engelkemeir ef al.,% and 


” L. R. Zumwalt, Unclassified Report MonC-397 (unpublished) ; 
Atomic Energy Commission Report AECU-507 (unpublished). 

8 Engelkemeir, Seiler, Steinberg, and Winsberg, Paper 4 of 
reference 1. 
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TABLE I. Decay data used. Values marked with an asterisk (*) 
are from references 9 and 14; all others are from reference 15. 








Half-life 


67 hr 
14.6 min* 
14.3 min* 
11.0 min* 
<25_ sec 
43 days 
4.5 hr 
45 sec 
36.5 hr 
1.0 yr 
30 sec 
12.8 days 
40.0 hr 


B-energies (Mev) 


23, 80%; 0.45, 20% 
2*, 20%"; 2.2%, 30%* 
4 

2 

5 


* 

* 
*+0.3 
5* 

217 
1.15 


~A11 (e7) 
0.57 


Species 





1 
1 
1 
1 
~3 
0 


0.04 

3.3 (weighted average) 
1.02, 60%; 0.48, 400, 
1.32, 70%; 1.67, 20%; 2.3, 10% 








Pappas.’ Corrections could only be estimated for the 
equilibrium pair, 11.0-min Mo'’—><25-sec Tc!™, be- 
cause of the uncertainty in the 8 energies. The error is 
felt to be small, however, because all of these samples 
were very thin (~1 mg/cm?), so that the self-scattering 
and self-absorption corrections were small and not 
strongly dependent on the beta energy. The counting 
correction factors (by which the observed counting 
rates were divided) for these thin molybdenum samples 
were 1.03, 1.06, and 1.04, respectively, for Mo”, Mo", 
and Mo™. 

All counting rates were corrected for coincidence 
losses (determined as 1.2 percent per 100 counts/ 
second), for chemical yield, for the size of aliquot used, 
and for the fraction of saturation activity produced in 
the irradiation. 

In determinations of the fission yields of the short- 
lived molybdenum isotopes, counting of samples was 
begun 25-35 minutes after the end of the irradiation, 
and continued every minute for about two hours. After 
this time, counting was done every five minutes for 
2-3 hours more, and then every fifteen minutes for 
several hours to establish the slope of the 67-hr Mo”— 
6.0-hr Tc™ growth-decay curve, and give the initial 
activity of the Mo”. The long-lived molybdenum could 
then be subtracted from the gross activity. The tail of 
the remaining curve was a pure growth-decay curve of 
the 14.6-min Mo'!—-14.3-min Tc''." A calculated curve 
for the total activity of this pair, computed using the 
calculated counting efficiency of Tc’ equal to 0.98 
times that of the Mo, was fitted to the tail of the ob- 
served curve after subtraction of Mo”. The upper end 
of this fitted curve gave the activity of the Mo™ at 
separation time. Subtraction of this computed curve 
from the observed points (less Mo”) gave the decay 
curve of Mo!'*-Tc', Considerable confidence in the 
precision of this method is given by the fact that the 
slope of this last decay curve was in every case found 
to be within +0.3 minute of the half-life of 11.0 
minutes found" for Mo'. These successive subtrac- 
tions are shown in Fig. 1 for a typical analysis. 


4D. R. Wiles, Phys. Rev. 93, 181 (1953); D. R. Wiles and 
C. D. Coryell (to be published). 
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Counting of Ru, which has a 217-kev 8, was done 
from a <20-microgram sample, evaporated on a ~50 
microgram/cm? film of Parlodion. A careful 8 absorp- 
tion curve taken of this sample was extrapolated to 
zero absorber according to a 4.5-mg/cm? initial half- 
thickness, to give the total activity. 

The half-lives and 6 energies used in this work are 
given in Table I.9.'4.'5 

The half-lives of the zirconium and niobium isotopes 
of masses 101 and 102 are not known, so parent correc- 
tions could not be made at these masses. A careful 
estimate of the half-lives, using shell-specialized pa- 
rameters'®'’ for the semiempirical mass formula, and 
the energy—half-life correlations of beta-decay theory, 
showed that Zr’ and Nb" could have half-lives as 
long as 2 minutes, or as short as about one second. From 
this calculated maximum half-life, the maximum pos- 
sible error can be calculated. In all experiments, separa- 
tion times were such that the precursors would have 
completely decayed before separation. The possible 
error, then, would result only from failure to correct 
for production, by decay of the parent, of the desired 
species after the end of the irradiation. The error, which 
is always positive, can be derived directly from the 
standard decay laws, and amounts to 


T; (parent) 
T; (daughter) — T,(parent) 





Error = 


Using a parent half-life of 2 minutes, and assuming no 
independent formation of the daughter, the maximum 
error is computed to be 16 percent for Mo™ and 22 
percent for Mo'™. This error is a constant, and is inde- 
pendent of the nature and the time of the irradiation. 
An appreciable independent yield of the daughter 
(which is very likely in both these cases) would de- 
crease the error. It must be emphasized that these 
surprisingly large errors represent maxima only, and it 
is probable that the real errors are much smaller, per- 
haps negligible. (For example, the highly likely process 
of branched 8~ decay would greatly decrease the calcu- 
lated half-life and correspondingly reduce the error.) 


TABLE II, Fission yields obtained in this work. Precision is 
expressed as standard deviation of the mean value. Italicized 
values were used as reference. Parentheses indicate values of 
doubtful validity. 





Type 


U%5(n,f) 
U28(y,f) 
U8(d,f) 
Us(d,f) 





5440.2 4.1 +0.2 14 
65 +10 50408 (14) 
1,3040.04 1.0640.03 0.22 


1.2740.12 0.8640.05 0.44 


0,830.2 6.2 

3.15:+0.3 6.77 
1.16-+-0.06 1.00 
0.90+0.04 0.60 1.00 








46 Hollander, Perlman, and Seaborg, Revs. Modern Phys. 25, 
469 (1953). 

16 Coryell, Brightsen, and Pappas, Phys. Rev. 85, 732 (1952); 
and Laboratory for Nuclear Science Quarterly Report, Massa- 
chusetts Institute of Technology, August, 1952 (unpublished). 

'7C, D. Coryell, Ann. Revs. Nuclear Sci. 2, 305 1953), 
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Fic. 2. Fission yields determined in this thesis. (O =this work; * = others.) 


The fission yield values obtained in this work are 
given in Table IT and are shown graphically in Fig. 2. 
The value of 6.2 percent is taken!” for Ba! in U™5(n,/) 
and that of 5.77 percent is taken for Ba™ in U**(y,/) 
according to Richter.'* The fission yields for U™*(d,/) 
and U™*(d,f) are compared to Ba as unity. The value 
for Mo” in U™*(n,f) is in good agreement with the 
absolute value, 6.14+0.16 percent, reported by Terrill 
et al.™ The value for Ru™ in U™*(n,/) is less reliable 
than that of Hardwick” (2.85 percent), and little weight 
can be given to the values for Ru and Ru" in Table IT 
and Fig. 2. 

In Fig. 2, the observed yields are shown as open 
circles, and the values given by Glendenin ef al." and 
by Hardwick” as crosses. The points for Mo”, Mo", 
and Mo™ are joined by a dotted line to indicate that 
the relative values for the fission yields of these iso- 
topes are known with greater precision than the abso- 
lute values, because of having been determined relative 
to Mo”. The solid line is a proposed hypothetical 
“smooth curve” of fission yields, drawn with some 


4H. G. Richter, Ph.D. thesis in Chemistry, Massachusetts 
Institute of Technology, August, 1952 (unpublished); H. G. 
Richter and C. D. Coryell, Phys. Rev. 95, 1550 (1954). 
( ahi Scott, Gilmore, and Minkkina, Phys. Rev. 92, 1091 
1953). 

*” W. H. Hardwick, Phys. Rev. 92, 1072 (1953). 


personal prejudice. The dashed line indicates the ob- 
served fission yield curve. The difference between the 
observed fission yields (dashed line) and the smooth 
curve (solid line) is considered to be the ‘fine-structure 
yield.” The magnitude of this fine-structure yield is of 
only qualitative interest, because of the uncertainty in 
the position of the smooth curve. The mass location of 
the fine structure, on the other hand, is felt to be quite 
reliable. There may be some doubt as to whether the 
fine structure indicated at mass 101 in parts (b), (c), 
and (d) of Fig. 2 is real, or whether it might be an error 
resulting from the parent correction discussed earlier. 
Moreover, the minimum shown in the dashed curve of 
Fig. 2b [U**(y,f)] is perhaps exaggerated. This, how- 
ever, is not very important to the following discussion 
of fine structure. 

Two other cases of complementary fine structure 
have been reported—in the thermal-neutron fission 
reaction U™*(n,f), a fine-structure spike occurs* at 
mass 99, and in the spontaneous fission reaction 
Cm”™(f), a fine-structure peak is found” at masses 
105-106. 


21 Steinberg, Glendenin, Inghram, and Hayden, Phys. Rev. 95, 
867 (1954). 
a P. Steinberg and L. E. Glendenin, Phys. Rev. 95, 431 
1954). 





FISSION YIELD FINE STRUCTURE 


III. DISCUSSION 


In an attempt to interpret the nature of this fine- 
structure effect, the following assumptions were made: 


(1) The fine structure observed in the mass 99-106 
region is caused by a primary selectivity in the fission 
process which favors’ certain nuclei having a closed 
shell of 82 neutrons. 

(2) It is assumed that those closed-shell nuclei are 
favored for which a high independent yield is predicted 
by the postulate of equal charge displacement.‘:’? The 
observations would thus not show up the yield increases 
for closed-shell nuclei of low smooth-curve yields. 

(3) It is assumed that on an average, the fragment 
complementary to the closed-shell fragment will lose 2 
prompt neutrons. 

(4) A similar treatment should be applicable to the 
50-proton shell. 

Calculation of the expected unperturbed yield, as re- 
quired by the second assumption, was done accord- 
ing to the method of Pappas,’ based on the principle 
of equal charge displacement from stability for the 
most probable member of fission chains. The effect 
of shells on the variation of most stable charge, Z,, 
with mass number, A, is included in Pappas’ work.’ 


TABLE III. Closed-shell nuclei having high independent 
yields in fission, and their complements. 


Z =50 Closed shell 
Complements Complements 


Before After Before After 
Favored neutron neutron Favored neutron neutron 
nuclei loss loss nuclei loss loss 


Sn'3 Zr! Zr’ Sn Zri@ Zri# 
Sb y# y" Sn4 Zi Zr” 
Sn'2 = Zr Zr 


Snst Zee Zr 
Sbh@ Zr@ Zr” 


Mo Mo!% 
Mo'™ Mo!® 


Mo! 
Mo! 








N =82 Closed shell 


Type of 
fission 





Th*(y,/) 


Zr Zy 
yio y% 


Nb"! Nb® 
Zr'i@ Zr 
Nb! 
Zr” 


Sn is? 
Sb 


Th*(n,f) 


Sn! 
Sn 


Sb! 
Tel 


U*(n,f) 


Mo'™ 
Mo! 


Nb! 
Zr” 


Sn!” 
Sn 


Sb 
Te! 


U™(n,f) 


Mo! 
Mo! 


Mo! 
Mo'™ 


Mo" 
Nb! 
Zr 


Mo 
Nb! 


Zrim 


Sn 
Sn! 


Sn'# 
Sb'8 
Te™ 


Sb? ~Mo* 
Te Nbi#t 


y'% Zr” 


Nb™ 
Nbi06 


Nb 
Nb'™ 


Sn! 
Sn! 


Mo'” 
Nb® 


Zr 


Mo!@ 
Nb! 


Sn 
Sn 
Sn! 


Tc 
Tc 
Tc 


Tc 
Tc 


Sb 
Te'* 


Mo™ 
Nb! 


Tc'® 
1 


Ru! 
Ry! 
Ru'® 


Pdi 
Pd'2 


Tio 
Mo'® 


Snia 
Sn! 


Tc 
M 0) 


Sni® 
Sp'33 
Sn 
Sn” 
Sn'41 


Tc 
Mo 


Sb Tc 
Tel Mol 


Pu™(n,f) 


Ru 
Tc 


Sn™ 
Sn 


Te™ Ru 
[3% = - Tc107 


Cm*(/) 
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The distribution of yield along the chain is the same 
as that first proposed by Glendenin et al.‘ This caicu- 
lation has been performed for all cases for which there 
are fine-structure data available for comparison. The 
predictions of favored nuclei under these assumptions 
are given in Table III. 

It is evident that the predicted mass location of the 
complementary fine structure is dependent on the 
number, v, of prompt neutrons emitted by the com- 
plementary fragment. The number v=2 was chosen 
partly for the sake of convenience, and is quite likely 
not accurate. There is evidence’ that the total number 
of prompt neutrons emitted in near-symmetric fission 
may be as low as 1.4. The region of present study is 
further from symmetrical fission, where v is believed 
to be considerably larger. The number of neutrons lost 
by the complementary fragment must probably be 
between 1.5 and 2.0. 

Table IV gives the comparison of the mass numbers 
observed for fission spikes with those predicted as in 
Table III. We are grateful to Dr. L. E. Glendenin and 
Dr. E. P. Steinberg for advance communication of some 
of their mass-spectrometric yield data™ for U™*(n,f) 
and radiochemical yield data” for Cm*(/). The re- 
maining identifications of fine structure spikes come 
from Fig. 2. The fission yield of Mo™ in thermal- 
neutron fission of U™® is from reference 11. 

It is to be noted that the experimental data reported 
in Table IV encompass spreads of 4 charge units and 
5 neutrons in nuclei undergoing fission, and in addition 
a broad spread of excitation energies from spontaneous 
fission through fission induced by 15-Mev deuterons. 
There is a fairly good correlation between observed 
masses of fine-structure spikes and those predicted 
from the assumption of a primary selectivity of closed- 
shell structures when the mass numbers for closed-shell 


Tasie IV. Comparison of observed and calculated 
complementary fine structure. 








Mass location of predicted 
fine structure 


N =82 shell Z = 50 shell 
97-98 98-100 
98-99 99-100 
98-99 103* eee 

100-101 104* 100-101 


101» 
102-104 105 105 


102-104 105* eee 
98-100 104-105 
101-102 


Mass of observed 


Type of 
fine structure 


fission 


Th**(y,f) 
Th™(n,f) 
U*(n,f) 
U**(n,f) 
U**(y,/) 


U™*(/) 
U™(d,f) 
U™(d,f) 





101 
105-106 


101» 
106-107 105 


107-109 
110-111* 


104-106 
U™(4,f) 
105-106 
104-105 
105-106 


Pu™(n,/) 
Cm*(/) 











* Fine-structure effects are expected to be quite small here because of 


low pn > 
b The apparent fine structure at this mass is small. 
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effects occur in regions of substantial smooth-curve 
yields. In U™*(n,f), the effect at mass 100 (mass spec- 
trometric yield determination) is more prominent than 
that at mass 101. In the next two entries in Table IV, 
the mass 101 effect seems to be small, but for these and 
U™*(d,f) mass 100 data are not available. The rapid 
fall of yields for thermaj-neutron fission and spon- 
taneous fission on approaching symmetrical fission'’” 
tends to minimize effects of the 50-proton shell. 
Attempts have been made to define an empirical 
yield enhancement curve for closed-shell species which 
would be a function of smooth-curve independent 
yields. Such a treatment serves to support the correla- 
tions of Table IV, but is at present on too speculative a 
basis for detailed confidence. The accumulation of more 
experimental data on independent fission yields in 
selected cases should help ground such treatment. 
Treatment at the level presented in this paper pre- 
dicts a relatively large separation in the U™*(d,/) 
curve for the spikes complementary to V =82 (masses 
97-99) and complementary to Z= 50 (masses 103-105). 


PHYSICAL REVIEW 
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The statistical theory of Fong* provides one mecha- 
nism for selectivity of closed-shell species in the fission 
process. The enhanced stability of closed-shell con- 
figuration in one of the two fragments implies greater 
internal energy in the fission mode, thus giving higher 
statistical weights and fission yields for these modes. 
This enhancement should be slowly diluted out with 
increasing energy in the fission process. 

Sincere thanks are expressed to the operating staffs 
of the M.LT. Cyclotron and Linear Accelerator. Of 
these, Dr. John Winhold and Messrs. Earl White and 
Frank Fay have been particularly generous with their 
time. Mrs. Charleen Vanelli and Mrs. Grace Rowe 
have assisted greatly in the preparation of the manu- 
script, which was kindly proofread by J. W. Winchester 
and R. C. Fix. 

The authors express their gratitude to the United 
States Atomic Energy Commission for supplying nearly 
pure U™*, which led directly to the discovery of the 


50-proton effect. 


%P. Fong, Ph.D. Thesis in Physics, University of Chicago, 
1953 (unpublished); and P. Fong, Phys. Rev. 89, 332 (1953). 
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y Rays from the C'*(p,~)N'‘ and Na**(p,~)Mg** Reactions 


B. Hirp, C. Wurreneap, J. Butter, anp C. H. Coiiie 
Clarendon Laboratory, Oxford, England 


(Received July 14, 1954) 


The y rays from the 554-kev resonance of C¥(p,7)N™ and the 310-kev resonance of Na*(p,y)Mg* have 
been measured with a three-crystal pair spectrometer. Energies and intensities were measured and cascades 
detected by coincidence measurements. The 5.7-Mev y-ray from C#(p,7)N™ is 0.70.6 percent of the 
intensity of the main 8.05-Mev radiation. The most intense radiation from Na*(p,y) Mg” was the 1.38-Mev 


line, and no 2.76-Mev radiation was observed. 


HE three-crystal pair spectrometer'* is well suited 

to measure weak y rays in the presence of more 

intense radiation of higher energy. We have used it to 

investigate the y rays from the 554-kev resonance of 

the C¥(p,vy)N" and the 310-kev resonance of Na™(p,7)- 
Mg™ reactions. 


C!4(p,7)N4 


The pair pulse-height energy distribution curve is 
shown in Fig. 1. The energy calibration is based upon 
RdTh (2.62 Mev) and Po—Be (4.45 Mev) and the 
assumption that the main component has an energy 
of 8.05 Mev.’ The intensities of the lines, obtained from 


1 B. Hird and C. Whitehead, Proc. Phys. Soc. (London) 67, 644 
(1954). 

2 H. I. West and L. G. Mann, Rev. Sci. Instr. 25, 129 (1954). 

8 graces and T. Lauritsen, Revs. Modern Phys. 24, 321 
(1952). 


the pair cross section values of Mann, Meyerhof, and 
West,‘ was found to be: 

8.05 5.7 40.15 
0.7 40.6 


Energy (Mev) 
Relative 
intensity 100 


4.05+0.05 2.3540.02 1.66+0.03 
12.5 +2 1545 17 +4. 


The shape of the pair peak was estimated for each 
energy. The asymmetrical shape of the peaks arises 
partly because of bremsstrahlung and electron escape 
and partly because all the triple coincidences do not 
correspond to pair formation in the central crystal. It 
is possible to obtain a triple coincidence when the 
Compton-scattered ray is captured in one side crystal 
and the bremsstrahlung from the Compton electron is 
captured in the other. The assumptions made in calcu- 
lating the shape of pair spectrum peaks were checked 
by comparison with the measured shape of the known 
y rays from the F°(p,7)O"* and the B"(p,7)C" reac- 


4 Mann, Meyerhof, and West, Phys. Rev. 92, 1481 (1953). 





y RAYS FROM C*3(p,7)N!* AND Nat*(p,7)Mg?é 


tions. The relative intensities of the observed y rays 
can easily be obtained by quadrature once the shape 
of the peaks is known. 

Part of the observed 2.35-Mev radiation was due to 
N", but this could be accurately estimated since it 
continued after the beam had been switched off. 

The difficulty in interpretation caused by the fact 
that the 4.05-Mev y ray has very nearly the same 
energy as the crossover radiation from the 2.35-Mev 
and 1,66-Mev cascade can be resolved by coincidence 
measurements. 

The 4.05-Mev, 2.35-Mev, and 1.66-Mev lines were 
found to be in coincidence. This enables the 4.01-Mev 
crossover transition of the 2.35, 1.66-Mev y-ray 
cascade to be distinguished from the 4.05-Mev radia- 
tion. Its intensity was found to be 5+5 percent of the 
2.35, 1.66-Mev cascade. 

Our results are in agreement with the energy level 
scheme discussed by Ajzenberg and Lauritsen® (Fig. 1, 
inset). 

Our crossover intensity is less than that found by 
Woodbury, Day, and Tollestrup® in an investigation 
using a single-crystal spectrometer. Our intensity for 
the 5.7-Mev radiation agrees with that found experi- 
mentally in a single crystal measurement by Clegg and 
Wilkinson,® and we can exclude their alternative ex- 
planation that it was due to a 5.08-Mev line. We have 





ee 








~ 














NN 


T 


COUNTS / MEV ARBITRARY UNITS 








PULSE HEIGHT, MEV 


Fic. 1, Pair spectrometer pulse-height distribution of 
the 7 rays from the C"(p,y)N™ reaction. 


& Woodbury, Day, and Tollestrup, Phys. Rev. 92, 1199 (1953). 
6 A. B. Clegg and D. H. Wilkinson, Phil. Mag. 44, 1269 (1953). 
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Fic, 2. Pair spectrometer puise-height distribution of 
the y rays from the Na™(p,7)Mg™ reaction. 


discussed the point with Dr. Beghian,’ who is now in 
agreement with our results. 


Na?! (p,Y) Mg** 


Thick targets of NaCl and NasSO, were bombarded 
with about 100 wa of protons. 

The observed pulse-height distribution is shown in 
Fig. 2. The energies and relative intensities obtained 
were : 

6.7402 4.11 40.05 
57 +6 


1,38 +0,02 
105 +20, 


Energy (Mev) 10.6+40.2 7.67+401 


Relative 


intensity 72+10 75410 1343 


The 6.7-Mev peak had the correct shape when the 
background due to the two higher lines was subtracted. 
The relative intensities were determined by the 
method already described, except for the 1.38-Mev 
line, all the measurements on which were made with a 
single-crystal spectrometer. 

These results are in good agreement with the recent 
measurements of Carlson, Geer, and Nelson,*® and 
show that the 1.38-Mev line is not fed from the well- 
known 4.14-Mev level of Mg™. The peak at 4.11 Mev 
was found to be significantly broader than would be 
expected from a single y ray. This provides further 
evidence in support of the decay scheme suggested by 
Carlson, Geer, and Nelson,* according to which this 
line is a superposition of two lines of approximately the 
same energy. 


7 Hicks, Husain, Sanders, and Beghian, Phys. Rev. 90, 163 
(1953). 
§ Carlson, Geer, and Nelson, Phys. Rev. 94, 1311 (1954). 
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Scattering of 10-Mev Protons on Carbon and Magnesium* 


Gernarp E. Fiscuert 
Radiation Laboratory, Department of Physics, University of California, Berkeley, California 
(Received June 21, 1954) 


In order to study the mechanism of excitation of nuclear levels by inelastic scattering, a scattering cham- 
ber of 36-inch diameter was constructed. The deflected beam of the Berkeley 60-inch cyclotron was brought 
out of the shielding by means of strong focusing magnets. Particles from the nuclear reactions were detected 
by either of two systems, a quadruple proportional-counter telescope, or a coincidence crystal spectrometer. 
Energy resolution was of the order of 2.5 percent. The angular distribution of protons from the reactions 
C#(p,p)C'™*, Q= —4.43 Mev, and Mg™(p,p’)Mg™*, Q= —1.38 Mev, were found to be peaked in the 
forward direction. Since the compound nucleus is excited to about 13 Mev, where the level density is 
expected to be high and the statistical theory of the nucleus should hold, it is proposed that two processes 
of excitation occur. One, the formation of the compound nucleus and its subsequent decay—symmetrically 


about 90° 


; two, direct collision of the incident proton with a nucleon on the surface shell of the nucleus. 


The elastic scattering of protons on the above nuclei was also studied and interference maxima were found. 
Three new levels are believed to have been confirmed in magnesium. 





I. INTRODUCTION 


HE inelastic scattering of particles on nuclei has 

been used by a large number of investigators as 
a way of exciting nuclear energy levels. The actual 
mechanism of the transfer of energy and angular 
momentum, however, has not been quite clear. Rho- 
derick! was the first to be concerned with this problem, 
for he found that the angular distribution of the in- 
elastically scattered protons from the 1.38-Mev level 
in magnesium-24 was peaked in the forward direction. 
He was unable to reconcile this result with the idea 
that the excitation proceeded through compound 
nuclear formation. Other investigators,?>~* working 
with bombarding energies of 7.3, 9.5, and 32 Mev, have 
also found anisotropies in the angular distribution 
of inelastically scattered protons. Wolfenstein’ showed 
that the angular distribution arising from the decay 
of the compound nucleus need not be isotropic, but 
that if the excitation be high enough so that the density 
of compound nuclear states is high and the states 
overlap, the distribution should at least be symmetric 
about 90°. This follows from the assumption that inter- 
ference terms between outgoing waves of different 
parity cancel out. Two processes that have nothing to 
do with the compound nucleus suggest themselves to 
explain the observed anisotropies. They are: either 
electric charge excitation,* or a direct collision of the 
incident proton with a nucleon on the surface shell 
of the nucleus. Electric excitation is tentatively ruled 


* The work was performed under the auspices of the U. S. 
Atomic Energy Commission. 
t Present address: Department of Physics, Columbia Uni- 


versity New York. 

E. H. Rhoderick, Proc. Roy. Soc. (London) 201, 348 (1950). 
+H E. Gove and H. F. Stoddart, Phys. Rev. 86 572 (1952). 
*Burcham, Gibson, and Rotblat, Phys. Rev. 92, 1266 (1953). 
‘ Baker, Dodd, and Simmons, Phys. Rev. 85, 1051 (1952). 
*R. Britten, Phys. Rev. 88, 283 1952). 

*R. M. Eisberg and G. Igo, Phys. Rev. = 1039 (1954). 

™L. Wolfenstein, Phys. Rev. 82, 690 (195 

*R. Huby and i. ¢. Newns, Proc. Phys. Soc. (London) A64, 
619 (1951). 


out by the large size of the observed cross section’ 
Recently Gugelot® and Eisberg’ have suggested the 
direct collision idea in connection with level-density 
determinations by inelastic scattering. 

For the direct collision theory, we will follow an 
analysis given by Austern, Butler, and McManus" 
for X(n,p)Y reactions which should be equally appli- 
cable to (n,n’), (p,m), and (p,p’) reactions. These 
authors suggest that the direct collision process can 
compete with compound nuclear formation because 
the struck particle receives nearly all the energy and 
consequently may get over the barrier more readily 
than a low-energy evaporation particle. The energy 
region in which this type of reaction may be found is 
between 10 and 30 Mev. The lower limit is set by the 
barrier, the upper by nuclear transparency. The antici- 
pated cross section for the emission of a high-energy 
proton group may be several millibarns. They arrive 
at this figure by correcting the total free n-p scattering 
cross section for the time that the initial and final 
particles spend outside the nucleus. 

Using the impulse approximation, they calculate the 
angular distribution of the emitted particle to have 
sharp forward maxima, similar to Butler stripping 
distributions, depending on the allowed values of 
orbital-angular-momentum transfer. If the struck 
particle can be assumed to be in a single-particle state, 
they show that the angular distribution becomes 
especially simple. It is the purpose of this paper to 
show that the observed angular distribution of in- 
elastically scattered protons on magnesium can be in 
part accounted for in this way. 

A by-product of this investigation was the measure- 
ment of the elastic scattering of 10-Mev protons on 
magnesium and carbon. Renewed interest in this type 
of scattering has been expressed recently by Cohen,” 


*P. C. Gugelot, Phys. Rev. 93, 425 (1954). 

1 R, Eisberg, Phys. Rev. 94, 739 (1954). 

u Austern Butler, and McManus, Phys. Rev. 92, 350 (1953). 
 B. L. Cohen and R. V. Neidigh, Phys. Rev. 93, 282 (1954). 
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SCATTERING OF 


who finds a remarkable number of diffraction maxima 
and minima. 


Il. EXPERIMENTAL METHOD" 


The arrangement of the experimental apparatus is 
shown schematically in Fig. 1. The deflected molecular 
hydrogen beam may be traced from the deflector 
through a }-inch collimating slit to the target port and 
into the iron snouts. Shielded from the fringing magnetic 
field of the machine by the iron, it passes into a long 
brass pipe to the 36-inch scattering chamber and sub- 
sequently to the Faraday cup for integration. 

Focusing is achieved by two magnetic quadrupole 
lenses.* These lenses, whose design and action is 
illustrated in Fig. 2, increase the beam intensity 
through an eighth-inch-square collimating hole by a 
factor of 400 over the intensity obtainable without the 
lenses. Maximum beam current is 0.8X10~* amp. 
Accurate positioning screws are provided on the mount 
to permit movement of the beam to the desired location. 
A set of three collimators defines the beam axis in the 
chamber. 

The required motions of targets and counters in the 
scattering chamber are carried out by remote control. 
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Fic. 1. Schematic diagram of the emergent beam 
apparatus at the 60-inch Berkeley cyclotron. 


An average time of 15 minutes was consumed in 
reaching an operating pressure of 3X10-'mm Hg. A 
100 percent feedback electrometer was used to measure 
the charge collected by the Faraday cup and the 
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Fic. 2. Design parameters and illustration of the double-focussing properties of a magnetic lens system. 1/F = K*1*(4L+D)}, 
K=(1/BR)(dB,/dz). (Illustration after Courant, Livingston and Snyder.) See reference 14, 


3 A detailed account of the experimental technique employed may be found in University of California Radiation Laboratory 
Report UCRL-2546 (unpublished). 
“4 Courant, Livingston, and Snyder, Phys. Rev. 88, 1190 (1952). 
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beam’s energy was determined by range in aluminum. 
The spread in the beam energy was 1 percent (full 
width at half-maximum). 

Unsupported targets of gold and silicon monoxide 
were prepared by evaporation. The acetate backings 
were dissolved away. Thin carbon targets were made 
by spraying aquadag onto a clean sheet of Teflon and 
peeling off the dry deposit. For aluminum and magne- 
sium, rolled foils were employed. 

Scattered particles are detected in a telescope of four 
proportional counters. The range, hence the energy of 
the particle, is determined by how much aluminum 
absorber must be interposed in the particle’s path to 
require it to traverse the first two counters and stop 
in the third. Cross sections were measured with this 
counter relative to Rutherford scattering from gold. 
A typical setting of the range bite was 0.57 mg/cm? 
aluminum equivalent. Over-all energy resolution, 
largely dependent on the range straggling of the 
particles in the aluminum absorbers and the spread in 
the beam itself, was about 2.5 percent (full width at 
half-maximum). 

Another mode of particle detection was the use of a 
sodium iodide crystal spectrometer in coincidence with 
a thin proportional counter. The thin counter identified 
the particle by its dE/dx. Pulse heights were measured 
by a fast pulse-height analyzer built after a design by 
Fairstein and Porter.’* Energy resolution was 2.5 per- 
cent for 10-Mev protons. Energy calibration was 
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Fic. 3. Partial spectrum of protons from the reaction Mg(p,p’)Mg* 
at 90° and 10 Mev (Range interval =0.57 mg/cm*.) 


6 E. Fairstein and F. M. Porter, Rev. Sci. Instr. 23, 650 (1952). 
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achieved by identifying the observed inelastic proton 
groups with known levels in aluminum,"* silicon,'” and 
oxygen. Fifteen groups in all were used. Energies can 
be estimated to +0.1 Mev. Angular resolution was 
one degree. 


Ill. RESULTS AND CONCLUSIONS 
A. Particle Groups from Magnesium and Carbon 


Figure 3 shows a partial spectrum of protons re- 
sulting from the bombardment of naturally occurring 
magnesium with 10-Mev protons. Easily identified are 
the elastic and first inelastic levels of magnesium-24. 
It is evident that in measuring the yield from the 1.38- 
Mev level, the small satellite arising from Mg**, whose 
abundance is 11.3 percent, must be subtracted. The 
other satellite is a contribution from the 0.46-Mev level 
in Mg”. Other particle groups were observed with both 
counters corresponding to the 4.13-4.24-Mev doublet 
in Mg” (not resolved), to the 1.89- and 2.84-Mev levels 
in Mg”, and to 0.6- and 3.4-Mev levels in Mg**. Three 
further groups were clearly seen with the crystal 
counter, corresponding to Q values of 6.30.1, 5.9+0.1, 
and 5.1+0.1 if calculated for Mg. These have in part 
been reported also by Hausman ef al.,'* Gove and 
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Fic. 4. Spectrum of protons from (CH), target bombarded 
with 9.94-Mev protons, @= 24° (lab). (2-volt window). 


‘6 Reilley, Allen, Arthur, Bender, Ely, and Hausman, Phys. Rev. 
86, 857 (1952). 

D, E. Alburger and E. M. Hafner, Revs. Modern Phys. 22, 
376, 343 (1950). 

18 Hausman, Allen, Arthur, Bender, and McDole, Phys. Rev. 
88, 1296 (1952). 
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Fic. 5. The angular distribution of elastically scattered 
protons from Mg at 10 Mev. 


Stoddart,’ and Baker, Dodd, and Simmons.‘ The 
6.3-Mev level has previously been assigned to Mg™.” 
Figure 4 shows the spectrum of protons from a poly- 
styrene (CH), target bombarded with 9.94-Mev 
protons. The center group is from the hydrogen. 


B. Differential p-p Scattering Cross Section 


The differential p-p scattering cross section was 
found to be 54.6 mb/steradian at 48° in the center-of- 
mass system. This figure is believed to be accurate 
within the statistical error of 3 percent and compares 
well with those published by Allred ef al.," and 
recently by Cork at 9.6 Mev.” Agreement with two 
independent observers using different detection equip- 
ment indicates that there are no large errors in our 
technique. 


C. Angular Distributions of Elastic Events 


The angular distribution of elastic scattering of 
9.94-Mev protons on magnesium and carbon (reduced 
to center-of-mass system) are shown in Figs. 5 and 6. 
The general character of these curves and the absolute 
cross sections agree well with those published by Baker, 
Dodd, and Simmons‘ and Burcham, Gibson, and 
Rotblat.* The energies used by these investigators was 
9.6 and 9.5 Mev, respectively. The magnesium curve 
shown in the present data is extended to further back- 
ward angles and shows a rise in the cross section leading 


1 H. E. Gove and H. F. Stoddart, Massachusetts Institute of 
Technology Progress Report, February, 1952 (unpublished), p. 67. 
* K. Boyer, Massachusetts Institute of Technology, Laboratory 
of Nuclear Science and Engineering Progress Report, July, 1950 
(unpublished), p. 174. 
( a > Armstrong, Bondelid, and Rosen, Phys. Rev. 88, 433 
1952). 
2B. Cork, University of California Radiation Laboratory 
Report UCRL-2373 (unpublished). 
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Fic. 6. The angular distribution of elastically scattered 
protons from carbon at 10 Mev. 


to a second maximum. Since these data were taken at 
the same time as the hydrogen cross section was 
measured, it is felt that the absolute cross sections 
are accurate to within +3 percent. The angular 
measurement is good to $°. Relative cross sections are 
known to 2.5 percent. Unfortunately there are not 
enough data to fix the interference angles with greater 
accuracy. 


D. Angular Distributions of Inelastic Events 


Figures 7 and 8 show the angular distributions of 
protons inelastically scattered from the 1.38-Mev and 
4.43-Mev levels in magnesium and carbon (corrected 
to the center-of-mass system). The magnesium curve 
shows little or no resemblance to Baker’s, possibly 
because of the different bombarding energy. The value 
of the cross section at 30° is well below those at 45° and 
60°. Possibly the discrepancy between these results and 
those of Baker lies in the fact that Baker does not 
resolve the 1.89-Mev Mg” level which appears as a 
satellite. The magnesium curve was taken with both 
counters and findings for angular dependance checked 
with each other to 3 percent. There was, however, a 
5 percent difference in the absolute cross section be- 
tween the two methods. This can be blamed on a 
faulty calibration of the range interval of the range 
counter. It is clearly seen that the curve is not sym- 
metric about 90°. 

There is no essential disagreement with Burcham’s 
curve on carbon. The absolute cross sections obtained 
here are lower, but the shape of the curve is the same. 
I disagree with their conclusion that the curve is 
symmetric about 90° because the points of these data, 
although not as many in number, have better statistics 
(1.5 percent). They fall within their quoted statistical 
error. An examination was made to see whether the 
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Fic. 7. The angular distribution of protons from the reaction 
Mg™(p,p')Mg™*, O= — 1.38. (For detail see text.) 


counter efficiency varied with energy, hence with angle, 
of the incoming particle. Possible asymmetries in target 
alignment were checked. The conclusion was that 
errors from these sources were 3 percent at the very 
most. No data exist for 45°, for at this angle the hy- 
drogen elastic peak overlaps the inelastic peak and a 
subtraction of the hydrogen cross section cannot be 
made accurately. 
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Fic. 8. The angular distribution of protons from 
the reaction C"(p,p’)C™*, Q= —4.4. 


IV. DISCUSSION 


The dashed curve presented in Fig. 7 was calculated 
from the simplest case in the direct collision theory of 
Austern, Butler, and McManus. Only two parameters 
were required in the calculation to satisfy the condition 
that when the curve was subtracted, the remaining 
contribution—that due to compound nuclear formation 
—be symmetric about 90°. These parameters, the 
amount of the direct process and the nuclear radius, 
are quite unique, for the calculation is very sensitive 
to them. The cross section does indeed turn out in 
millibarns and the nuclear radius used was 1.6 10-" 
A‘cm. It is not surprising that this radius should be 
a little large, for the scattering is assumed to take 
place at the very edge of the nucleus. (Neutron scatter- 
ing leads to 1.57X10~"A!cm: Feshbach.)* Whether 
the simplest case of the direct collision theory may 
be applied to magnesium (an even-even nucleus), and 
whether a statistical theory may be applied to the 
compound nuclear part (only 10 levels enter at this 
excitation) is not certain, but the results indicate that 
this is a start on the problem. 

As for the elastic data, it is interesting to note that 
the angles at which diffraction effects are found in 
carbon and magnesium at 10 Mey are all proportional 
to those found by Cohen at 20 Mev by the same factor, 
namely, 1.39. If diffraction effects should indeed be 
proportional to A, the wavelength of the incident 
proton in the center-of-mass system, the factor should 
be 1.48. 

The author wishes to express his sincere gratitude to 
Professor A. C. Helmholz for his valuable guidance 
and support in all phases of the work. The ample 
assistance of Mr. Robert Ellis and Mr. F. Vaughan is 
gratefully acknowledged. The author is also indebted 
to Dr. Warren Heckrotte for several discussions on the 
analysis of the inelastic data and to all the members of 
the 60-inch cyclotron crew and staff who made this 
investigation possible. | 
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An investigation of experimental data concerning the Li(p,#) reaction indicates that the resonance at 
2,25-Mev proton energy is due to the influence of a spin 3, isotopic spin 1, even parity level of Be®, 19.2 Mev 
above the ground state, and that the background reaction intensity is predominantly the result of a spin-1 
state of odd parity, and a spin-2 state of odd parity and isotopic spin 0. Cross sections, angular distributions, 
and neutron polarizations calculated on this basis are in good agreement with previous experimental meas- 


urements of these quantities. 


The neutron and proton widths of the isotropic spin-1 state in Be® are related to the neutron width of 
the corresponding isotopic-spin-1 state of Li’, 2.3 Mev above the ground state, in a manner consistent 
with the transition probability relationships expected of a nuclear isotopic spin multiplet. 





I. INTRODUCTION 


EASUREMENTS of the reaction constants of 

the Li’(p,n)Be’ reaction by Taschek and 
Hemmendinger' have been analyzed by Breit and 
Bloch,? who concluded that the experimental results 
were most likely indicative of an odd parity level in 
Be’, 19.2 Mev above the ground state. The observed 
angular distribution was interpreted as indicating an 
interference between states of opposite parity and hence 
the reaction background was believed to be due pri- 
marily to P-wave neutrons. Breit and Bloch noted that 
an alternative view was also admissible; the resonance 
resulted from the interaction of P-wave neutrons. Since 
the centrifugal barrier is high for P-wave neutrons and 
protons, the explanation in terms of a P-wave resonance 
appeared to require an improbably strong resonance 
strength, indicating that the explanation in terms of an 
L=0 resonance was more likely. 

However, in the five years which have elaspsed since 
this interpretation was published, a considerable body 
of experimental information has been accumulated 
which bears obliquely on this problem. In particular, 
the occurrence of strong or broad resonances has been 
shown to be common,’ and the best value of the effective 
nuclear radius to use in barrier calculations appears 
to be rather larger’ than that used by Breit and Bloch. 
If a larger radius is used in the calculations, the com- 
puted height of the barrier is lower, the resonance 
strength required for P neutrons is not as large, and 
the objections to the consideration of a P-wave reso- 
nance are weakened. It has recently been emphasized 
that the charge independence of nuclear forces has 
important consequences on nuclear reactions.*® Since 
the Be’ states of interest in the Li(p,) reaction have a 
definite isotopic spin and break up into the states 


t Work supported by the U. S. Atomic Energy Commission 
and the Wisconsin Alumni Research Foundation. 

1R. Taschek and N. Hemmendinger, Phys. Rev. 74, 373 (1948). 

2G. Breit and I. Bloch, Phys. Rev. 74, 397 (1948). 

3 T. Teichmann and E. P. Wigner, Phys. Rev. 87, 123 (1952). 

‘L. A. Radicati, Proc. Phys. Soc. (London) A66, 139 (1953). 

5R. K. Adair, Phys. Rev. 87, 1041 (1952). 


Li’+n and Be’+/ , which differ only in isotopic spin, 
transition probability relationships will obtain® which 
should aid considerably in interpreting the data. In 
view of these considerations it seemed that it would be 
useful to reinvestigate this problem. 


II. ASSIGNMENT OF RESONANCE PARAMETERS 


The lowest isotopic spin one level in Be*, correspond- 
ing to the ground state of Li‘, appears to lie about 
16.9 Mev above the ground® state of Be*. Resonant 
scattering of neutrons by Li’ indicates the presence of 
a state in Li’, 2.3 Mev above the ground state,’ which 
has a spin of 3 and even parity.* Charge independence 
of nuclear forces then necessitates the presence of an 
equivalent state in Be* which appears to be the 19.2- 
Mev state identified with the resonance in the Li(p,n) 
reaction. 

Arguments independent of the presence of the Li* 
state support the assignment of spin 3 and even parity 
to the Be® level. The value of the reaction cross section 
at resonance must be 


(2J+1) 4r,0, 
<restoenereronincscniliBsioenemebeen, (1) 
(27+1)(2S+1) (I.+T',)? 

where J is the spin of the compound state and J and S 
are the spins of the interacting particles, } and 3. The l’, 
and I’, are the widths for neutron emission and proton 
emission respectively, and X is the wavelength/2m of 
the incident proton. The resonant part of the Li(p,n) 
cross section reaches a maximum value® of nearly 0.25 
barn, at an incident proton energy of 2.25 Mev. The 
maximum value allowed is (2J7+1)/8X0.375 barns, 
when I’, =I',. This immediately excludes states of J =1 
and allows J = 2 only in the somewhat improbable event 

6 M. Geli-Mann and V. Telegdi, Phys. Rev. 91, 169 (1953). 

TR. K. Adair, Phys. Rev. 79, 1018 (1950). 

* P. Stelson and W. Preston, Phys. Rev. 84, 162 (1951). 

® The cross section values of reference 1 refer to energies based 
on a scale where the Li(p,n) threshold is 1.86 Mev. The energies 
have been recalculated for the purpose of this report, on the 


basis of the presently accepted scale where the Li(p,n) threshold 
is 1.882 Mev. 
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that I’, is nearly equal to I',. The large value of the 
Li(~,m) cross section near threshold indicates the back- 
ground part of the reaction cross section must be largely 
the result of S-wave neutrons. This conclusion is 
strongly substantiated by the high value found for the 
inverse Be’(n,p)Li’ reaction cross section at thermal 
neutron energies.” The variation' with energy at reso- 
nance of the part of the differential cross section 
proportional to cos’ is characteristic of the interference 
of an S-wave background with P waves at a resonance. 
Since Li’ has odd parity the state in Li* must then be 
even. Since there is evidence that a particles are not 
emitted appreciably from this level,'' we can, on these 
grounds, further exclude the possibility that the state 
has spin 2 and isotopic spin 0, as such a state should 
have a high probability for disintegration into two 
alpha particles. 

If it is assumed on the basis of these arguments that 
the Be* state has spin 3, even parity, and isotopic spin 
one, it presumably forms a charge multiplet together 
with the 2.3-Mev state in Li® and a presently undis- 
covered state of B*. Since the states of the charge 
multiplet are in the continuum it is possible to obtain 
information concerning the equivalence of the wave 
functions of states comprising the multiplet by exam- 
ining the widths for particle emission. If nuclear forces 
are charge-independent, the wave functions of the 
compound states and the wave functions of the final 
states will differ, respectively, only in isotopic spin 
space. We can write the isotopic spin wave functions 
of the mirror nuclei Li’? and Be’ as ¢,' and g,~4, the 
neutron and the proton 7;! and 7;~4, respectively, and 
the Li® and Be® levels as 7;' and 7°, where the subscript 
represents the total isotopic spin and the superscript 
stands for the third component. Only the isotopic spin 
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Fic. 1. Total Li(p,n) reaction cross section. The points are 
taken from the data of reference 1. The solid curve represents 
the cross section calculated from the considerations of this paper. 
The area beneath the dashed line is the contribution of the S-wave 
reaction, the area between the dashed and solid curve is the 
resonance cross section. 


*” Reported by G. C. Hanna at the Birmingham Conference on 
Nuclear Physics, July, 1953 (unpublished). 

" Heydenburg, Hudson, Inglis, and Whitehead, Phys. Rev. 
73, 241 (1948). 
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part of the matrix elements for the breakup of Li® and 
Be® will differ. These are easily calculated: 


(T}| ¢y'r;}) =1, 
(T19| gytry) = (T19| py-try}) = 1/V2; (2) 
(T| eyes} = — (T0?| ory). 


We write the whole matrix element as y, for 
(Li*|Li?+n), vp, for (Be’|Li’+p), and y, for 
(Be*| Be?+-). The reaction widths, I’, will be equal” to 
2ky?(F?+-G?)-, where k is the wave number and F and 
G are the usual regular and irregular free-particle radial 
wave functions evaluated at an effective nuclear 
radius a. By following Christy and Latter," a radius a 
of 1.45(A#+1)X10-" cm was used in the calculations. 
If one allows for the variation of level shift with energy,'® 
|y.| was found to be equal to (1.6X10~ Mev cm)! 
from the measured width of the Li® level. From relations 
(1), Yn=7Yp=(0.8X10-" Mev cm)!, where only the 
relative signs of the y are important. A resonance 
energy E=E,—A=1.96 Mev was assigned in the 
center-of-mass system, and the resonant part of the 
Li(p,m) cross section was calculated by using the 
relation 


2I+1 TD, 





(3) 


Tap 


z (2S-+1)(27+1) (E+A—E,)?+102/4 


The points on Fig. 1 show the measured values of 
the total Li(p,7) cross section.’ The difference between 
the dashed line and the solid line represents the reso- 
nance contribution calculated from relation 2. The 
excellence of the fit to the resonance cross section 
variation shown by the experimental points is evidence 
for the charge independence of nuclear forces and that 
(F?+G*)— evaluated at a radius of 1.45(A!+1)x10-" 
cm is a good measure of barrier penetrability. 


Ill. S-WAVE INTERACTION 


The part of the P-wave neutron amplitude in which 
the Z component of the total intrinsic spin is conserved 
will be coherent with, and interfere with, the neutron 
S-wave amplitude associated with the same spin 
multiplicity. The magnitude of the interference term 
will then be proportional to the quintet S-wave neutron 
amplitude, the coherent part of the P-wave amplitude, 
and the cosine of the phase angle between them. Since 
the S wave is isotropic, the interference term will have 
the angular dependence of the P wave, which, since the 
Z component of the spin is conserved, will be propor- 
tional to cosd, where @ is the angle between the incident 
proton beam and the reactant neutrons measured in 
the center-of-mass system. As the phase and magnitude 
of the P-wave amplitude can be determined from the 


~ 2 E. Wigner and L. Eisenbud, Phys. Rev. 72, 29 (1948). 
% Bloch, Hull, Brovles, Bouricius, Freeman, and Breit, Revs. 
Modern Phys. 23, 147 (1951). 
( “R. F. Christy and R. Latter, Revs. Modern Phys. 20, 185 
1948). 
16 R, G. Thomas, Phys. Rev. 81, 148 (1951). 
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resonance parameters, the experimentally observed 
values of the part of the differential cross section which 
is proportional to cosd will be a measure of the phase 
and magnitude of the S-wave neutron amplitude. 
From the magnitude of the total background reaction 
cross section as well as the large values of the part of 
the angular distribution proportional to cosd, it appears 
that the cross section for production of both triplet and 
quintet states of Be? and an S-wave neutron must be 
large in terms of the maximum allowed by the conser- 
vation laws: (2/+1)rX?/8. It seems probable, then, 
that the main contribution to the reaction amplitude 
for each intrinsic spin state is due either to a broad 
nearby level of Be*, or to the tails of a number of far 
away states, almost all of which have the same isotopic 
spin. Since, from relation (1), the reaction matrix 
elements of states with different isotopic spin differ in 
sign, reaction amplitudes for such states will on the 
average interfere destructively, reducing the reaction 
cross section. A reaction amplitude can be represented 
conveniently in terms of the reduced derivative matrix 
of Wigner and Eisenbud, and ‘Teichmann and 
Wigner.*:'6 A reaction amplitude then takes the form 


A= gh, exp(i5n+155) 
ikp (PP +G,") Ra pkn' (Pe +Gn) 
1 d In(F ?+G;)! 
if 
2=n pp 





1—- 


—, 4) 
Ry — iba P2462] 
a J 


d \nk,a 


where 5, is equal to the hard sphere scattering phase 
shift for neutrons; exp2i5,=(Gnz—iF,)/(Gat+iF,) and 
5, is a similar phase shift for protons; 


G,—iF, ‘I+in---1+in(in)! te 
G,tiF, l—in---1—in(—in)! 





exp216,= 


where n=3e?/hV. The g is a geometric quantity de- 
pending on the orbital angular momentum, intrinsic 
spins of the reacting particles, total angular momentum 
of the state, and the channel spin. As written here, g 
includes the spins and angular dependence characteristic 
of those states. The values of g for the S-wave and 
P-wave amplitudes were computed" using the Clebsch- 
Gordon coefficients tabulated by Condon and Shortley.'® 
The elements of the R matrix Rj. equal ¥) yjxvex/ 
E,—E, where yj,= (h?/2u)'fX,V jdS, where X) is a 
nuclear eigenfunction, V; is the wave function in the 
channel j, and the integration over the nuclear surface 
includes a summation over intrinsic spins and isotopic 
spins. When one value of the isotopic spin 7 is domi- 
nant, from relation 1: Ran=Rpp=(—)7*'Ray, and the 


16 J. M. Blatt and L. C. Biedenharn, Revs. Modern Phys. 24, 
258 (1952), in particular, Eqs. (5, 6). 

17 See, for example, reference 11. 

18 FE. U. Condon and G. H. Shortley, Theory of Atomic Spectra 
(Cambridge University Press, Cambridge, 1935) 
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Fic. 2. Energy dependence of the coefficients a; and a: of the 
Legendre polynomial fit to the center of mass differential cross 
sections. As in reference 1 the units of the a’s are adjusted so 
that 4rdo/dw=aoPo(cosd)+a;P(cosd)+a2P2(cosd). The dashed 
lines are the experimental results from reference 1; the solid lines 
represent the values calculated in this report. 


phase of the scattering amplitude will depend upon the 
value of 7. Since the interference intensity is propor- 
tional to the cosine of the phase angle between the 
amplitudes of different states, the sign of the interference 
term will depend upon the relative isotopic spin of the 
two states. The dashed line in Fig. 2 shows the value 
of the coefficient of cosd derived by Taschek and 
Hemmendinger from their experimental results, and the 
solid line represents a calculated value of cosd. For 
this computation the single-level approximation was 
used for the P-wave resonance; Rj =7;y-/(E,—E) 
with the parameters introduced in Sec. II. Far from a 
resonance, R will not vary strongly with energy. For 
the quintet S-wave amplitude, R was chosen to be 
7X10-" cm and the isotopic spin was taken as zero. 
If the quintet S-wave isotopic spin were one, the sign 
of the asymmetry coefficient would be reversed and in 
contradiction with the experimental results. The sign 
of R used for the S-wave resonance is that which would 
result from the contribution of far-off high energy 
levels. Actually the results are not sensitive to the 
magnitude of R if R>a. Also shown in Fig. 1 are the 
coefficients of P:(cosd#) determined from the measured 
angular distributions and calculated from the P-wave 
reaction parameters. The agreement is not bad when 
the large error involved in extracting this quantity 
from the experimental data is considered. 

We can obtain no information on the triplet S-wave 
reaction from an examination of the S-P interference 
term because states of different total spin do not 
interfere in differential cross section. Since the back- 
ground reaction cross section is larger than the conser- 
vation laws permit for quintet S-wave scattering alone, 
and the asymmetry in the scattering is satisfactorily 
accounted for by quintet states, it appears that the 
triplet S-wave interaction is important. For the sake 
of definiteness the same parameters were used to calcu- 
late the triplet cross section as were used for the quintet 
state. The solid curve in Fig. 1 represents the total 
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reaction cross section calculated from the reaction 
amplitudes assigned in this work. The dashed line 
separates the S-wave and P-wave contributions. The 
quintet states accounts for § of the S-wave cross section 
and the triplet state gives the rest. While the agreement 
with the experimental points is quite good, especially 
considering that the S-wave reaction amplitudes are 
described by but one parameter, and considering the 
12 percent uncertainty in absolute value of the experi- 
mental cross sections, the discrepancy between the 
experimental values and the theoretical curve appear 
to be significant near threshold. It is possible to calcu- 
late the Be?(n,p)Li’ thermal neutron cross section from 
the Li’(p,n)Be’ cross section using the principle of 
detailed balance. If the Be’ thermal neutron cross 
section is the result of isolated definite resonances in 
each of the two spin states application of relations 1 
and 2 shows that the maximum total cross section 
allowed is 
rT’, 


(T,+T,)? 
=4nri,A,(F 2+G,") 1.8510 barns. (6) 


Onp=4ak,,? 


While the cross section calculated from the parameters 
of this paper is almost equal to that maximum, it is 
considerably lower than the value of about 5X 10* barns 
reported by Hanna." 

So high a Be’(n,p) thermal cross section, and equally, 
so fast a rise of the Li’(p,m) reaction cross section near 
threshold cannot then be attributed solely to a reso- 
nance if the concept of charge independence of nuclear 
forces is to be retained. Rather, as can be seen from 
Eq. (3), the high cross sections must be the result of 
interference between states of different isotopic spins 





6 








Ep IN| MEV 
Fic. 3. Values of the polarization P of neutrons produced by 
the Li(p,n) reaction as calculated from the parameters of this 
paper. 
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which have R-matrix elements R,, of the same sign. 
A simple example is the interference of two states of 
different isotopic spins, one lying above, one below 
threshold. The 7=:1 state which appears to contribute 
may be related to the Li® state, reported by Levine 
el al. 


IV. NEUTRON POLARIZATION 


The existence of the isolated spin-3 even-parity state 
of Be® is an effect of the strong spin-orbit coupling 
found in nuclei. In general a spin-orbit force will result 
in a polarization of the products of a nuclear reaction. 
Since effects of the spin-orbit energy are determined 
kinematically from the parameters of the resonance, 
without the necessity of obtaining further information 
concerning the source of this energy, it is possible to 
calculate the polarization of the neutrons from the 
Li(p,n) reaction. The polarization of neutrons in the 
X direction, where Z is the direction of the incident 
protons, will be equal to (A*|a,|A)/(A*| A), where A 
represents the total reaction amplitude, including spins, 
and o, is the usual spin operator. The calculation, 
which was straightforward, was performed by the usual 
addition and resolution of angular momentum vectors,'® 
using for the P-wave and quintet S-wave amplitudes 
the values discussed previously. Although the o, 
operator will mix states of different total spin, triplet 
and quintet states do not interfere in this case'* because 
the initial Li’+ triplet and quintet states are inco- 
herent and total spin is conserved in the approximation 
used; that is, neglect of D and F waves.” Therefore, 
the polarization depends only upon the quintet ampli- 
tudes and is likely to be fairly reliable. Figure 3 shows 
the polarization of neutrons emitted at angles of 60°, 
90° and 120° in the center-of-mass system as a function 
of neutron energy. To be properly compared with 
experimental data the curves should be shifted to 
higher energy by about 25 kev, which is the energy 
discrepancy between the experimental and measured 
angular distributions at resonance as shown in Fig. 3. 
A measurement” of the polarization at an angle of 66° 
in the center-of-mass system at a proton energy of 
2.23 Mev gave a result of P= —0.534-0.06 as compared 
to a value of about —0.45 taken from the parameters 
of this paper. Considering the approximations made in 
the calculations the agreement seems satisfactory. 

It might be expected that the protons scattered at 
these energies will also be partially polarized. 


% Levine, Bender, McGruer, and Vogelsang, Phys. Rev. 95, 
640 (1954). 
® T wish to thank Dr. C. N. Yang, who clarified these consider- 


ations for me. 
#1 Adair, Darden, and Fields, Phys. Rev. 96, 503 (1954). 
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In a reaction involving two product particles the distribution in energy of either product particle measured 
in the laboratory system is the same as the distribution in angle in the zero-momentum system. This relation 
is valid relativistically and irrespective of the reaction energy. Some applications are discussed. 





IRECT measurements of the angular distribution 
of the products of nuclear reactions or of scatter- 
ing processes are frequently more difficult to perform 
than measurements of the distribution in energy of 
product or recoiling particles. For this reason it is 
worth pointing out that the two distributions are 
related in a very simple manner, if there are only two 
product particles involved and if a single process occurs. 
It is well known that, in single collisions between 
monoergic neutrons and protons, all neutron or proton 
energies up to the energy of the primary neutrons are 
produced with equal probability provided the neutron 
energy is sufficiently low that the scattering is isotropic 
in the c.m. system. This relation has been generalized 
to all nonrelativistic elastic collision processes.' It has 
been shown that the distribution in energy of the 
recoil particles as measured in the laboratory system is 
the same as the angular distribution with respect to 
cos@ of the scattered particles in the c.m. system. It is 
the purpose of this note to point out that the relation- 
ship holds also for relativistic energies and for exoergic 
or endoergic collisions. 

Assume that the product particles are numbered 1 
and 2. Let p and E be the momentum and (relativistic) 
energy and let primed quantities refer to the laboratory 
system, while unprimed quantities are measured in the 
system of zero momentum: p;+p2=0. If the zero- 
momentum system moves with a velocity v with 
respect to the laboratory system, the energy of particle 
1 in the laboratory system is 


E,' = (1—v*/e)-4(E,— |p; | |v} cos), 


where @ is the angle between v and py, i.e., the scattering 
angle in the zero-momentum system if scattering is 
being considered. For a given reaction, the energy FE,’ 
depends only on cos@, and the energy distribution func- 
tion N(E;’) in the laboratory system and the angular 
distribution function P(cos@) in the zero-momentum 


* Now at Lockheed Aircraft Corporation, Van Nuys, California. 
1H. H. Barschall and M. H. Kanner, Phys. Rev. 58, 590 (1940). 


system are related by 
N(Ey’)| dE,’ | = P(cos6) | d(cos@) |, 
and therefore 
N(Ey') = (1—0°/c?)'P(cos6)/| p:| |v}. 


This shows that the angular distribution in the zero- 
momentum system expressed in terms of cos@ is the 
same as the energy distribution in the laboratory 
system. The energy spectrum is contained in an energy 
range of width 2|p;| |v] (1—v*/c*). 

This theorem is especially useful for reactions induced 
by uncharged particles when it is possible to measure 
the ionization produced by one of the product particles, 
particularly in the cases of elastic and inelastic scatter- 
ing of neutrons. Another example is the photodisintegra- 
tion of the deuteron. By measuring the energy distribu- 
tion of the photo-protons it is possible to determine 
directly the angular distribution of the disintegration 
processes.” For reactions induced by neutrons and 
photons some difficulty may arise in measuring the 
energy distribution of one of the reaction products 
separately, if both products are charged particles. If 
the two product particles have sufficiently different 
masses, it is, however, still possible to observe the dis- 
tribution in ionization for each product. 

Another problem to which this theorem applies is 
the disintegration of monoergic mesons in flight. Here 
v is the velocity of the meson before disintegration. 
In the reference system of the meson all directions 
of emission of the product particles are equally prob- 
able. Consequently the energy distribution of the 
product particles in the laboratory system is a constant 
between the limits given previously. Such an energy 
distribution has been observed by Panofsky, Aamodt, 
and Hadley’ for the y rays from the decay of neutral 
m mesons. 


* Bishop, Beghian, and Halban, Phys. Rev. 83, 1052 (1951). 
3 Panofsky, Aamodt, and Hadley. Phys. Rev. 81, 565 (1951). 
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A gamma ray of energy 15.2 Mev has been observed with a 180° pair spectrometer in the bombardment 
of carbon by protons cf energy 30-340 Mev. The line is also seen in deuteron bombardment of B", but not of 
B”. These facts, along with energetics arguments and clear spectrometer separation from known lines in 
excited Be®, strongly indicate an excited C" origin for the line. It is tentatively proposed that the excited 
C® level here involved is a T=1 state for which isotopic spin selection rules forbid a disintegration into 


three alpha particles. 





N connection with studies of proton bremsstrahlung, 
in which a 180° pair spectrometer is used to analyze 
the photon spectrum, a gamma line at 15.2+-0.2 Mev 
has been observed which is believed to arise from the 
excited C' nucleus. Such a line was suggested in 
Wilson’s' experimental bremsstrahlung data on proton 
bombardment of carbon, but his methods did not 
permit resolution of the line. 

Figure 1 shows this gamma emission revealed by 
the pair spectrometer as it appears superimposed upon 
the bremsstrahlung, viewed at 90° from the beam 
direction, in the bombardment of carbon by 340-Mev 
protons in the Berkeley cyclotron. The cyclotron target 
could be pushed in to a radius where the proton energy 
was 30 Mev; and at this energy the bremsstrahlung is 
negligible, leaving the line emission as shown in Fig. 2. 

The breadth of the line as here shown is essentially 
entirely instrumental, and a more precise evaluation of 
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Fic. 1. Photon spectrum from 340-Mev 
proton bombardment of carbon. 


t This work was done under the auspices of the U. S. Atomic 
Energy Commission. 
' Richard Wilson, Phys. Rev. 85, 563 (1952). 


its true energy awaits calculation of the instrumental 
line shape. Calibration of the spectrometer was ac- 
complished by the floating-wire technique, and a 
calibration test of the spectrometer upon the 17.6-Mev 
gamma line from Be** indicates that the energy error 
is within the limits given above. 

The assignment of the line to C'* is based upon the 
following facts. 

(A) It is present with a carbon target for proton en- 
ergies ranging from 30 to 340 Mev, and is not observed 
in proton bombardment of Be, B, and O. 

(B) It has been observed in deuteron bombardment 
of B" in which deuterons of 18, 30, and 50 Mev were 
incident on a thick target. It is not observed in the 
deuteron bombardment of B". Recent work? at Indiana 
gives definite indication of high-energy (about 15-Mev) 
gamma emission from 11-Mev deuteron bombardment 
of a thick boron target (presumably natural boron 
which is 81 percent B"). 
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Fic. 2. Photon spectrum from 30-Mev 
proton bombardment of carbon. 


*V. K. Rasmussen (private communication). 
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Fic. 3. Energy level diagram. 


(C) A level below 15.95 Mev in C® cannot decay by 
neutron or proton emission, as is made evident by Fig. 3. 
Consequently such a level must either disintegrate into 
three alpha particles or into Be*® plus an alpha, or 
decay by gamma emission. If the gamma process is to 
predominate, a selection rule must operate which sup- 
presses the alpha processes in the decay from this level. 

Absolute values of the differential cross section for 
producing these gamma-ray photons into unit solid 
angle at 90° were roughly determined by a thermo- 
couple monitoring of target temperature. This is related 
to beam energy loss in the target, and thus, at a known 
energy, to beam traversal of the target. The absolute 
efficiency of the spectrometer is calculated from 
established pair-production cross sections and geometry. 
In Fig. 4 is illustrated the dependence of the yield of 
the level in question upon energy of bombarding pro- 
tons, with a carbon target. 

It seems reasonable to propose tentatively* that the 
alpha disintegration may be considerably forbidden by 


3 This suggestion has come to us by private communication 
from the group at the California Institute of Technology. 
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Fic. 4, Differential cross section for production of 15.2-Mev 
photons at 90° vs energy of protons incident upon carbon 
targets. 











isotopic spin considerations, which would be the case 
if this C* level were a 7'=1 state. This allows dipole 
gamma emission in the transition to the C” ground 
state. Upon this basis the B”, C*, and N” would 
form the isotopic triplet. The 15.09-Mevy C”* level 
listed by Ajzenberg and Lauritsen® may be the one here 
in question. 

Attempts to produce this gamma emission by the 
alpha bombardment of Be®, employing 170-Mev alphas 
upon a Be target of sufficient thickness to stop them, 
have not given a detectable yield. This apparent failure 
to produce the required state by Be®(a,n)C”* may be 
understood in terms of the 7=1 proposal advanced 
above; since a process which amounts essentially to the 
coalescence of three alpha particles, with the release of 
the loosely bound neutron, could not develop a T=1 
state. 

Helpful discussions with Professor M. A. Ruderman 
are acknowledged. 


4L. Radicati, Phys. Rev. 87, 521 (1952). 
5 F. Ajzenberg and T, Lauritsen, Revs. Modern Phys. 24, 321 
(1952). 
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Two methods of observing the nuclear resonance scattering of gamma rays are discussed: one using 
gamma rays which arise from transitions to the ground state of a nucleus which is the same as the one in 
which the scattering is being observed, and the other using gamma rays of small energy spread and variable 
mean energy obtained by means of Compton scattering. 





1. INTRODUCTION 


NFORMATION about the widths of gamma-ray 
emitting states may be obtained by delayed coin- 
cidence methods if the lifetimes of the states are greater 
than about 10-" second, for in this case the lifetime may 
be measured directly and hence the width may be 
deduced. Because of the limitations of present-day 
coincidence circuits, this method will not work for life- 
times much shorter than 10-" second, and the widths 
have to be inferred either indirectly, from reactions 
involving particles, or directly, by measuring the reso- 
nance scattering of gamma radiation. Two methods of 
obtaining gamma rays of approximately the right 
energy for resonance scattering are: to use gamma rays 
which arise from a transition to the ground state of a 
nucleus which is the same as the nucleus in which the 
resonance scattering is being investigated (method A), 
and to use a source of variable energy gamma rays 
such as could be obtained by allowing monoenergetic 
gamma rays to undergo Compton scattering (method 
B). The difficulties inherent in both of these methods 
and ways of overcoming them are discussed below. 
The cross section for resonance scattering may be 


written. 
gn'r? 


¢3 ——— 

8x[ (Eo— E)*+ (1/4) ] 

where g is a statistical factor of order unity,' and A, EZ, 
Ep, and T are, respectively, the wavelength and energy 
of the incident gamma rays, the resonance energy, and 
the width of the level. The maximum value of a is of 
order 10-* cm? for gamma rays of energy 1 Mev. Ap- 
proximate expressions for T have been given by Weiss- 


kopf,? which show that the conditions for large T' are 
large Eo, small multipole order, and large mass number. 


2. RESONANCE SCATTERING BY METHOD A 


Suppose that a nucleus N is stationary when it emits 
a gamma-ray of energy E, in flight. Since the gamma 
has a momentum (E,/c), N must have a recoil energy 
of (E,2/2Mc) where M is the mass of NV. If the gamma 
ray is scattered by another nucleus, S, of the same 
species as NV, then § will also recoil with an energy 
(E,?/2M@) so that the appropriate energy E to insert 


1 E. Guth, Phys. Rev. 59, 325 (1941). 
* V. Weisskopf, Phys. Rev. 83, 1073 (1951). 


(1) 


in (1) is less than Ey by an amount (E,?/Mc*). Since 
this last energy is of the order of tens of electron volts, 
whereas I’ is a very small fraction of an electron volt, 
the cross section for scattering of gamma rays from N 
will be very small, and the resonance scattering will 
be hidden in the background of Compton, Rayleigh, 
and Thomson nuclear scattering.’ This fact has been 
pointed out by several writers‘:® who have suggested 
that by making N move towards S at the instant of 
emission, E, will be Doppler-shifted towards Eo, and 
this will result in a larger value for o than would be 
the case if N were stationary. Moon‘ has achieved this 
relative motion of NV and S by rotating the source in the 
neighborhood of the scatterer, and choosing his geom- 
etry so that the bulk of the scattering occurs when the 
source is moving towards the scatterer. While his results 
indicate the presence of resonance scattering, his 
statistics are such that only a rough estimate of T° 
may be made.* 

Relative motion of V and S will occur if the emission 
of the gamma by WN has been immediately preceded by 
the emission of either an electron or a gamma ray. The 
emission of the first particle will set V in motion and the 
energy of the gamma ray of interest will be Doppler- 
shifted accordingly. The simplest case will occur when 
the source nuclei V are in the form of a gas, so that 
they will move with the recoil velocity resulting from 
the emission of the first particle as long as they do not 
undergo collisions. 

If the first particle is a gamma ray of energy Fi, 
it is easily shown that the energy spectrum of gamma 
rays from the nuclei V in any direction is a constant 
between E,[1—(E,/Me)] and E,[1+(E£,/Mce)] and 
is zero everywhere else. The effective cross section 4, 
for gamma rays with this energy distribution is found 
from (1) to be 


6= (gNT°M2/8E,E;)[tan-{ 2E,(E,—E,) 
/TMe}+tan-{2E,(E,;+E,)/TMe}). (2) 


Weisskopf’s formulas? show that the conditions for 


*P. B. Moon, Proc. Phys. Soc. (London) A63, 1189 (1950). 

‘P. B. Moon, Proc. Phys. Soc. (London) A64, 76 (1951). 

5S. Devons, Excited} States of Nuclei (Cambridge University 
Press, London, 1949). 

* Note added in proof.—A considerable improvement in the 
moving source technique has been effected recently by Moon and 
his collaborators (Proc. Phys. Soc. (London) A66, 956 (1953); 
and A67, 601 (1954)). 


716 





RESONANCE SCATTERING OF y RAYS BY 


large & are, again, large resonance energy and mass 
number, and low multipole order. If Z, and E, are of 
the same order of magnitude, say 1 Mev, the second 
term in Eq. (2) is very nearly (r/2). If £,: >, by as 
little as 1 kev, the first term is also nearly (1/2), and 
in this case 


¢= (ghTMC/8E,E)). (3) 


If E,<£,, again by as little as 1 kev, the two terms 
will nearly cancel and, by using the approximation 
tan-'x= (#/2)—(1/z), 


5 = (gh'I°M 4/84, Ey?—E})). (4) 


The large difference between the expressions Eq. (3) and 
Eq. (4) may be used as an independent method of infer- 
ring the order of emission of gamma rays in cascade. For 
example, if the 1.33 and 1.17 Mev gammas of Ni® 
were emitted in that order, Eq. (3) would show é to be 
about 3X 10-*? cm? when I'= 10~ ev. If the order were 
reversed, Eq. (4) would give ¢=4X 10-*! cm’. 

If the first particle emitted is an electron rather 
than a gamma ray, the spectrum of the gamma rays 
from the source is more complicated. Kofoed-Hansen® 
has given an expression for the momentum spectrum 
of nuclei recoiling after beta decay, and from this 
the energy spectrum of the Doppler-shifted gamma 
rays may be calculated. The result for a beta spectrum 
with maximum energy 2mc’ is shown in Fig. 1. The 
intensity is plotted against §=[M(E—E,)/mE, ], 
where m is the electron mass. The curve is symmetrical 
about &=0 and the ordinates have been chosen to make 
the area under the whole curve unity. A gamma ray 
with the same momentum as the maximum momentum 
of the electrons would give rise to a rectangular spec- 
trum within the same limits as the spectrum following 
beta decay, and would thus give rise to a larger cross 
section if the Doppler shift was just not large enough 
to compensate for the loss of energy by recoils. A 
gamma ray with an energy equal to the maximum 
beta-ray energy would not be similarly effective. 

The condition for the validity of the above considera- 
tions is that the half-life of the state being investigated 
should be smaller than the reciprocal of the collison 
frequency in the gas, i.e., smaller than (mean free 
path/mean velocity). Since the velocity of sound, V, 
in a gas is given by’ V=v,,(yr/8)!, where y is the 
ratio of specific heats and is of order unity, and v» is 
the mean velocity of the molecules, the condition may 
be stated that the half-life should be less than (mean 
free path/velocity of sound in the gas). This condition 
is satisfied for the states of interest here, with lives 
less than 10-" sec. 

When the atoms of the source are in solid and not 
gaseous form, the situation is more difficult to analyze 
in view of the paucity of exact knowledge of the elastic 


"60, Kofoed-Hansen, Phys. Rev. 74, 1785 (1948). 
7A. B. Wood, Text-book of Sound (G. Bell & Sons, London, 
1944). 
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Fic. 1. The intensity of gamma rays of energy E emitted by 
nuclei recoiling after beta decay with a maximum energy 2mc?, 
plotted against &=[M(E—E,)/mEy,], 


forces binding atoms in a crystal lattice. Some progress 
may be made by considering a linear Blackman model 
of the crystal lattice, i.e., a set of identical mass points, 
mass m, with a constant spacing s, joined together 
with identical springs with force constant k. The 
equations of motion of the chain may be readily solved 
with the initial conditions that the displacements of 
all the particles is zero and that the initial velocities of 
all but the mth are zero, the nth particle having the 
initial velocity v. This is a model of the system of 
interest in which an atom is set in motion by the 
emission of the first particle. The velocity of the 
(n-+r)th particle is given as a function of time ¢ by 


Ungr(t) = DoJ xy(2at), (5) 


where a=(k/m)'. The velocity of the nth particle is 
thus v/J9(2at), which falls to zero for the first time 
when ¢=(1.2/a). J,(x) reaches its maximum when 
x= p, hence the velocity of the (m+-r)th particle will be 
a maximum when (= (r/a), and, since it is displaced 
a distance rs from the nth particle, the velocity of 
propagation of the disturbance will be V,=as. Thus 
the velocity of the mth particle will be zero for the first 
time when ¢=(1.2s/V,). Since V, is obviously the 
velocity of sound in the solid, the results of this section 
will still be valid if the half-life of the state under in- 
vestigation is small compared to (interatomic distance/ 
velocity of sound). In view of the agreement between 
the form of the conditions of validity for solids and 
gases, it is apparent that this criterion will also hold 
for liquids, i.e., half-life short compared to (inter- 
atomic distance or mean free path in the liquid/ 
velocity of sound in the liquid). If these conditions are 
not fulfilled, then the velocity of the atom after the 
emission of the first particle will diminish because of 
dissipation of energy in liquids and solids and will be 
modified and generally diminished by collisions in 
gases. The Doppler shift and hence @ will then be 
smaller than the value given by Eq. (2). 

In all of the above considerations it has been assumed 
that the distribution of recoil velocities after the 
emission of the first particle is isotropic, so that there 
will be as many nuclei recoiling away from the scatterer 
as are moving towards it, and hence as many of the 
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Fic. 2. Schematic arrange- 
ment of coincidence method for 
increasing the effective cross 
section for resonance scattering 
in the scatterer Sc of gamma 
rays from the source S. C, and 
C, are counters in coincidence. 


gamma rays of interest will have their energy Doppler- 
shifted away from the resonance energy as towards it. 
However, gamma rays which have had their energy 
Doppler-shifted towards Ey may be selected by means 
of the coincidence circuit shown in Fig. 2. C, and C, 
are detectors, S is the source, and Sc is the scatterer. 
C; is shielded from direct radiation from S. If a coinci- 
dence between C, and C; is registered, one will know 
that the gamma ray which reached C; from S via Sc 
was emitted by an atom moving towards Sc, since the 
first particle went in the direction of C,. This will result 
in a much larger cross section than would be obtained 
using unselected gamma rays. Experiments on these 
lines are in progress in this laboratory. An obvious, 
but not readily applicable, extension using three scin- 
tillation counters is to make one of the phosphors the 
scatterer and to register coincidences between the other 
two but not triple coincidences. For large scattering 
angles this will eliminate the Compton scattering com- 
pletely and give the advantage of selected gamma rays 
mentioned above. 


3. RESONANCE SCATTERING BY METHOD B 


Suppose that it is possible to obtain gamma rays 
with an energy spectrum which is constant and equal to 
(1/E,,) in the range (E,’+-4£,,), and zero everywhere 
else, where Eo’ is the resonance energy corrected for 


recoil. The effective cross section ¢ is found from (1) 
to be 


6= (gN'I'/2rE,,) tan (E,,/T), (6) 


and, if E,, is as small as a few ev, tan“'(E,,/T) = (4/2): 
Hence (8) may be approximated to by 


é= (gNT/4Ew). (7) 


é will still have this value if the center of the spectrum 
is displaced by nearly +(£,,/2) as long as E,, is large 
compared to I’. Hence, as the center of the spectrum 
is moved from outside this range through it and outside 
it again, & will change from a small to a large value and 
back again, “small” and “large” depending on the 
value of E,,. In the case of the 0.487-Mev level in Li’, 
which has a width of about 0.01 ev,’ ¢= 1.8 10-** cm?, 
or about 2 percent of the Compton cross section in 
Li if E,,~9 kev. 

A gamma-ray beam with a spread of a few kev and 
a mean energy which may be varied continuously may 
be obtained by the use of the Compton effect in a 
primary scatterer. If gamma rays with an energy E, 


*J. M. Blatt, and V. Weisskopf, Theoretical Nuclear Physics 
(John Wiley and Sons, Inc., New York, 1952). 


are scattered by an angle 0, the energy of the scattered 
radiation E is given by the Compton formula 


E=E,1+{E,(1—cos6)/me’} J"; (8) 


and the spread in energies AE due to a spread of 
scattering angles Aé is 


(E,?/mc*) sind Ad 





E 


(9) 


E+ {Ep(1—cos6)/mey 


from which it is seen that, for a given A@, AE is smallest 
when 6~0 or w. For a given E,, the smallest value of 
AE will occur for 6~2, but this region suffers from the 
disadvantages that the differential Compton cross 
section is smallest here, and, more important, that the 
maximum energy in this region is (mc*/2), no matter 
how high E,. Thus for most purposes the region of 
small @ will be important. 

If annihilation radiation was used as a source for 
the investigation of the resonance scattering from the 
0.487-Mev Li’ level, the right energy of gamma rays 
from the primary scatterer would be obtained for a 
scattering angle of about 21°. Equation (9) shows that 
Aé should be 3.3° in order to obtain AE=9 kev, which 
gives ¢= 1.8 10-** cm”. If a more favorable source were 
used, with EZ, less than 0.51 Mev, the same AE would be 
obtained with an even larger value of A9. The geometry 
of the experiment could be chosen without great 
difficulty to give such a value of A@. It would be deter- 
mined by the finite extension of source, primary 
scatterer, and lithium scatterer, and would give a cross 
section somewhat larger than the value mentioned since 
the energy distribution of the gamma rays would then 
be peaked about the average value, instead of having 
the rectangular shape assumed in the derivation of 
Eq. (7). 

The main difficulty is to obtain a large enough in- 
tensity of Compton gammas, scattered at just the 
right angle. This may be done by using a scatterer in 
the form of part of a surface of revolution, the axis 
being the line joining source and scatterer, and the 
profile being a circle. Gamma rays from all parts of the 
surface will then be scattered through the same angle. 
Strong sources, careful screening, and possibly the 
use of coincidence methods to reduce background will 
be necessary since the counting rates obtainable in 
double scattering experiments of this kind will not be 
high. 


4. CONCLUSIONS 


The methods outlined should prove useful in the 
study of high-energy, low-multipole order gamma-ray 
transitions. Because of the short lives of the states 
involved and the low internal conversion coefficients, 
etc., these transitions are not readily accessible by the 
methods which have proved so fruitful in the investiga- 
tion of lower-energy, higher-multipole order transitions. 
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Six determinations have been made of the half-life of polonium with four different steady-state, resistance- 
bridge calorimeters and five different samples of polonium. These six values of the half-life have been 
weighted and combined to give a grand-mean value of tbe half-life of 138.40054-0.0051 days (internal 


consistency) or -+0.0058 day (external consistency). 





INTRODUCTION 


OUND Laboratory has been engaged in the 

development of calorimeters to be used in the 
measurement of radioactivity. The quality of the 
various calorimeter designs was judged by measure- 
ments on small localized sources of heat. Polonium-210 
was used for the small sources of heat. Polonium is 
practically an ideal heat source for calorimetric measure 
because of its simple decay scheme. The polonium 
isotope decays to stable lead by the emission of essenti- 
ally monoenergetic alpha particles and of one gamma 
ray per 10° alphas.' 

During the course of our work, a large number of 
measurements were made with several samples of 
different over-all dimensions and with different amounts 
of polonium. The testing of a calorimeter of new design 
extended over a period of two to four months, and 
even in this length of time fairly precise values of the 
half-life of the samples were calculated from the 
accumulated data. It was decided to continue to obtain 
data over a longer period of time so that more precise 
values of the half-life would be obtained. The precisions 
of these determinations were used as one of the measures 
of the success of the calorimeter designs. Since our 
data and results were of unusually high precision, we 
believed it desirable to publish the information. The 
very precise value of the half-life of polonium allowed 
the use of these samples as reference heat sources in 
calorimetry research. 

Since the identification of polonium by Curie? as a 
naturally occurring radioactive element, there have 
been many determinations of the half-life of polonium- 
210. Gmelin’s Handbuch’ lists 28 determinations of the 
half-life. Beamer and Easton‘ in two determinations 
obtained a value of the half-life of polonium-210 of 
138.3 days+0.1 percent. More recently, Ginnings, Ball, 
and Vier‘ obtained a value of 138.39+0.14 days. 

*Mound Laboratory is operated by Monsanto Chemical 
Company for the U. S. Atomic Energy Commission. 

1 Zajac, Broda, and Feather, Proc. Phys. Soc. (London) 60, 
501 (1948). 

2M. Curie, Compt. rend. 126, 1101 (1898). 

3L. Gmelin, Handbuch der Anorganischen Chemie, System 
Number 12, Polonium und Isotope (Verlag Chemie, g. m. b. H., 
Berlin, 1941). 

4W. H. Beamer and W. E. Easton, J. Chem. Phys. 17, 1298- 
1300 (1949). 

5 Ginnings, Ball, and Vier, J. Research Natl. Bur. Standards 
50, No. 2, #3-79 (1953). 


CALORIMETER DESIGN 


The calorimeters used in this work were developed 
from the steady-state, resistance-bridge type used by 
Rutherford and Robinson® in the measurement of 
radioactivity by the calorimetric method. The Mound 
Laboratory development work was directed towards 
obtaining a knowledge of materials of construction and 
of dimensional dependence sufficient to permit the 
design of a calorimeter with arbitrary sensitivity, 
precision, stability, sample volume, sample-power 
range, and time to reach equilibrium. In the course of 
the work, the “heat-distribution error” of a calorimeter 
was used as a measure of the calorimeter’s accuracy. 
The heat-distribution error of a calorimeter is defined 
as the maximum-percent difference among the measured 
values of a small constant-electric-power source placed 
at various positions in the available sample volume. 
Polonium properly enclosed can serve as such a source, 
if its half-life is accurately known. 

A description of a resistance-bridge calorimeter and 
the method of operation is contained in Beamer and 
Easton’s paper.‘ The operating parameters of the 
calorimeters used in the half-life measurements are 
summarized in Table I. 


DESCRIPTION OF SAMPLES 


Five different polonium-210 samples were used during 
a period of three years. The polonium was prepared by 
standard methods‘? but was sealed in containers 
fashioned to fit the calorimetric-research needs. The 
chemical purity of these samples was not accurately 
known. However, the precision of the half-life measure- 
ments indicated that over the period of the measure- 


TABLE I. Operating parameters of the calorimeters. 








Sample- 
Time to container 


reach 0.01 _,. inside 
percent of dimensions 


equi- Diam- 
librium eter 
(min) (in.) 


300 «2%; 2h 
B 54.4 ft Bees Dae 0.05 4.3 
C 438. 75 } j not measured 80 
D204. 75 HH 3 0.3 8 


Elec- 
trical 
sensi- 

Calo- tivity 
rimeter (uv/mw) 


A 59.5 


Heat 
distribution 
Height error resistance 

(in.) (%) (°C/w) 


0.15 26 


Thermal 











* EF. Rutherford and H. Robinson, Phil. Mag. 7, 202 (1904), 
7 Isotopics 2, No. 4, 1 (1952); 3, No. 2, 6-14 (1953). 
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TABLE II. Description of samples. 











Inner container 
Height Diameter 


Mount Material (in.) (in.) Material (in.) 


Outer container 


Height Diameter 
i (in.) Atmosphere 


Method of 


Initial watts deposition 





pyrex 2} 


platinum 
platinum Ye 


platinum 1? 4 
platinum coe bee 


none 


pyrex 2} 

pyrex 23 

metal tre 
sphere 


platinum 
platinum 
inside of 

hollow 


sphere 


platinum 1} 
platinum 1j 
none 


0.47891 +0.00005 
0.0165429+-0.0000015 


0.25586 -+0.00001 
0.28334 +0.00002 
1.14697 +0.00004 


electrodeposition 


; helium 
electrodeposition 


4 noncontrolled 
mixture 
helium 
helium 
noncontrolled 
mixture 


volatilization 
volatilization 
volatilization 








ments only negligible quantities of radioactive im- 
purities could have been present. Gamma counts and 
neutron counts of the samples did not indicate the 
presence of any radioactive impurities in measurable 
amounts. 

A brief description of each sample, its preparation, 
and container is presented in Table II. 


APPARATUS FOR MEASUREMENT AND CONTROL 


All electrical equipment used in the measurements 
was of the highest accuracy and precision that was 
commercially obtainable. Potentials were measured 
with a Leeds and Northrup Wenner standardizing 
potentiometer whose accuracy was +0.01 percent and 
whose precision was more exact. Currents were calcu- 
lated from the measurement of the potential drop across 
Leeds and Northrup National Bureau of Standards type 
resistors by means of the potentiometer. The National 
Bureau of Standards type resistors had accuracies of 
+0.01 percent and more exact precisions. The poten- 
tiometer was standardized by means of a Leeds and 
Northrup Eppley standard cell whose voltage was ac- 
curate to +0.01 percent and was more precise. Bridge 
currents and heater currents were obtained from Wil- 
lard low-discharge batteries. 

The calorimeter bath contained a resistance bridge 
which served as the sensitive thermal element for a 
Leeds and Northrup type proportional-control system. 
The temperature of the bath was held constant to 
within 0.001°C during a measurement. Most of the 
measurements were made in a room controlled to 
+0.2°F. Some of the measurements were made in a 
room controlled to +1.0°F. The calorimeters did not 
show any drift or instability which could be attributed 
to variations in room temperature. 


DISCUSSION OF MEASUREMENTS 


The introduction of the sample into the calorimeter 
caused the internal temperature of the calorimeter to 
rise until the power loss to the bath was equal to the 
power supplied by the sample. The change in the 
potential difference across the bridge in the calorimeter 
was observed until equilibrium was reached. After the 
measurement of the equilibrium potential, the sample 
was removed, and current was then introduced into the 
calibrating heater in an amount sufficient to cause 


nearly the same bridge unbalance as was caused by the 
sample. The heater resistance was concurrently meas- 
ured, and the power output which was computed for 
the heater was taken to be the power output of the 
sample after the heater power was linearly corrected 
for the difference in bridge unbalance between the 
sample and heater. After the performance of the calo- 
rimeter was well known, an alternative technique was 
used. A reference heater was compared to the calibrating 
heater. Power was then supplied by the reference heater 
in one side of the calorimeter at the same time that 
the sample was in the other side. Every 10 minutes, the 
bridge potential was measured, and the bridge current 
and heater current were readjusted if they had drifted 
slightly from their preselected values. 

Each half-life in Table III was calculated from the 
respective decay constant which was determined by a 
least squares fit of the determinations of the power 
output of the sample and the times at which the 
equilibria were reached to the equation of logarithmic 
decay 

InV=InNo—M, (1) 


where ‘=the time (days), A\=the decay constant 
(days), No=the sample size at time ‘=0 (atoms), 
and 7;=1n2/A= the half-life (days). 

The determination of \ and No was made by the 
standard least squares procedure which is used to fit a 
set of data (x,,y,;) to a straight line, 


y=at+bx, (2) 


where the set x; (the times) are presumed to be accu- 
rately known, and the set y; (the observed power 
outputs) are presumed to have random errors. Power 


TABLE III. Values of the half-life of polonium-210. 








Time 
covered 
by meas- 
urements 
(days) 


Probable 
error 
(days) 


0.023 
0.012 
0.014 
0.0068 
0.024 
0.024 


Number 
of 


Half-life 
(days) 


138.391 
138.401 
138.408 
138.4059 
138.410 
138.314 


obser- 
vations 


Calo- 


rimeter Sample 


I 250 19 
III 617" 32 
IV 357 32 

Vv 352 36 
II 153 20 
IV 105 24 











* Only two measurements were taken after the 284th day. 





HALF-LIFE OF Po??!® 


output is directly proportional to the number of atoms. 

The appropriate equations for calculating a and } and 

their precisions may be derived or found in standard 

references on statistical treatment of data,* and they 

are tabulated here as Eqs. (3) through (9), inclusive. 
The residuals d; are 


d;=y;— y (x) =: —a—bx,, (3) 

The values of ¢ and b are found from the equations 
a=((LrAGy)-QaQay)V/D, (4) 
b=(n(X xy)—-(L xi) (Ly) VD, (5) 
D=n(X #?7)—(X x)’, (6) 


(where m is the number of measurements for each 
half-life determination). 

The probable errors of y;, a, and 6 have been deter- 
mined from equations given by Birge.® Birge’s formulas 
can be derived by the application to Eqs. (4), (5), and 
(6) of the usual equations for the determination of the 
probable error of a function whose variables have 
known probable errors.” The probable error of a single 
power measurement p(y,) is found directly from the 


residuals 
p(y) =0.6745[> d?/(n—2)}). (7) 
The probable errors, p(a) of a and p(b) of 6, are: 
p(a)=pO)lX x?/D]}, (8) 
p(b)=p(y.)[n/D}'. (9) 


An examination of Eq. (1) discloses that a constant- 
percent error in the values of the sample power NV 
cannot influence the value of the decay constant X. 
The effect of such an error is to produce a parallel 
displacement of the line causing an error in the determi- 
nation of InN» only. This situation is important to the 
determination of the half-life, because it means that, 
as long as experimental conditions are duplicated for 
every power determination, the half-life value is more 
accurate than the power determinations and should 
approach the precision of the power determinations. 

Six values of the half-life of polonium-210 have been 
calculated from the data on five samples taken with 
four calorimeters. The results are given in Table ITI. 

A grand-mean value of the half-life can be computed 
from the individual values which were determined. 
In this procedure, each value of the half-life X, is given 
a weight inversely proportional to the square of its 
probable error pi. 


seal’ x]/2f) 


8A. D. Worthing and J. Geffner, Treatment of Experimental 
Data (John Wiley and Sons, Inc., New York, 1943), first edition. 

*R. T. Birge, Phys. Rev. 40, 207 (1932). 

1H. Margenau and G. M. Murphy, The Mathematics of 
Physics and Chemistry (D. Van Nostrand Company, Inc., New 
York, 1943), first edition. 
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Birge® has given a test for the consistency of the 
individual means which enter into the calculation of 
the grand mean. The means are considered consistent if 


ae “aa 
he= mi a6" ‘ X)/pi] 


-1}<1.83, (11) 
m—1 


where m is the number of means combined into the 
g:and mean. The data of Table III when substituted 
into: Eq. (11) give a value of 0.15, and therefore the 
means are consistent. The probable error p(X) of the 
grand mean X is 


p(X) =(d 1/p2)4. (12) 


Since the six half-lives of Table III are compatible, 
they have been combined by Eq. (10) to give a grand 
mean of the half-life 7’, with a probable error determined 
from Eq. (12). 


T,=138.4005+-0.0051 days. 


The probable error of the grand mean can also be 
calculated with the equation for combining means 
possessing external consistency : 


LL(Xi—X)/piP}! 
(m—1)(1/p,)?} 


With X=138.4005 and the data of Table ITI, Eq. 
(13) gives 


p(X) =0.6745 





(13) 


T = 138.4005+0.0058 days. 


The calorimeters, samples, and conditions of meas- 
urement were very similar throughout the measure- 
ments, so that there should be a high degree of internal 
consistency in the data. The application of Eq. (13) 
to these data appears rather meaningless in terms of 
evaluating the effects on the half-life of any constant 
errors of the method. Equation (12) determines pre- 
cision only since it involves only probable errors and 
in no way includes deviations from the grand mean. 
Thus the quoted probable errors are primarily a measure 
of the precision of the method. Accuracy of the method 
rests both on the precision of the measurements and 
on the fact that the slope of a straight line is being 
determined rather than the absolute location of the line. 
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Absolute excitation functions for (p,f) reactions in Th**, U5, and U** were measured by radiochemical 
techniques; at 21.5 Mev, the cross sections are 0.83, 1.31, and 1.28 barns, respectively (+15 percent in 
each case). Cross sections for (p,xm) reactions in U** were found to be quite small. The total reaction 
cross sections correspond to a nuclear radius of (1.55+0.1)A!X 10°" cm. Some advantages of determining 
the nuclear radius by total reaction cross sections are pointed out, and the discrepancy between electro- 
magnetic and nuclear determinations of the nuclear radius is discussed. 





EASUREMENTS of cross sections for neutron- 

induced fission on various target isotopes and 
for various incident neutron energies are widely scat- 
tered through the literature. Excitation functions (i.e., 
cross sections as a function of energy) for charged- 
particle-induced fission have been measured by Junger- 
man' and by Jungerman and Wright? using alpha 
particles and deuterons. Tewes and James’ have 
measured the Th(,f) excitation function, though not 
on an absolute scale. No absolute cross sections have 
been reported, however, for proton-induced fission. 

Fission cross sections in the medium energy region 
are especially interesting because, as will be shown, 
they are essentially a measure of the total reaction 
cross section, a quantity which, while of great impor- 
tance in nuclear reaction theory, is generally difficult to 
measure. This quantity is of more basic importance 
when determined for protons than for deuterons or 
alphas, since, in the latter cases, the interpretation is 
complicated by the structure of the incident particle. 

In addition to the fact that excitation functions for 
(p,f) reactions are of considerable interest, the experi- 
mental problems in carrying out the measurements 
have been greatly simplified by the recent studies of 
fission mass distributions from proton-induced fission.*~* 
As a result of this work, fission cross sections can be 
measured by determinations of the radiochemical yield 
of a single fission product. Measurements of excitation 
functions for proton-induced fission in Th*’, U**, and 
U™ using the internal, circulating 22-Mev proton beam 
of the ORNL 86-inch cyclotron were therefore under- 
taken. 

The experimental methods used for measurements of 
excitation functions have been described previously.’ 
The energy of the incident protons was lower (21.9 Mev) 
and somewhat less homogeneous (full width at half- 


*ORINS Fellow from Chemistry Department, Denver Uni- 
versity, Denver, Colorado. 

1 —— Phys. Rev. 79, 632 (1950). 

* J. Jungerman and S. C. Wright, Phys. Rev. 74, 150 (1948), 

*H. A. Tewes and R. A. James, Phys. Rev. 88, 860 (1952). 

* Fowler, Jones, and Paehler, Phys. Rev. 86, 71 (1952). 


6 Jones, Timnick, Handley, and Paehler (private communi- 
cation). 
* Timnick, Handley, and Paehler (private communication). 
7Cohen, Newman, Charpie, and Handley, Phys. Rev. 94, 


620 (1954). 


maximum ~ 0.7 Mev, maximum energy=22.4 Mev) 
than in the previous work. Relative excitation functions 
were determined by bombardment of foil stacks of 
natural uranium metal, thorium metal, and U™*-oxide 
plated on platinum, with appropriate absorbers inter- 
spersed. The stopping powers of uranium and thorium 
were determined experimentally relative to that of 
copper (they were about 65 percent of the copper 
stopping power). The fission product used most con- 
sistently was 17-hr Zr” (in equilibrium with 73-min 
Nb*’), although several checks were made with 85-min 
Ba’ and 9.7-hr Sr. 

Absolute cross sections were determined in separate 
runs employing copper foils. The current was then 
obtained from the known cross section for the Cu®(p,) 
reaction® in the region of its broad maximum at about 
13 Mev. A large number of determinations (25 for U™8, 
13 for Th™, and 8 for U™*) was carried out. As a check 
on the method, measurements were made of the cross 
section for production of Na® by proton bombardment 
of magnesium and compared with the measurement of 
that cross section by Batzel and Coleman’ in the region 
of its broad minimum near 20 Mev. The magnesium 
cross section obtained by comparison with copper was 
larger than the value from reference 9 by 20 percent; 
in order to take this discrepancy into account, cross 
sections measured by the copper comparison were 
reduced by 10 percent. 

The maximum error in the ratio of the cross section 
for production of Zr’ to the Cu™(p,m) cross section is 
estimated to be about 20 percent. The uncertainty in 
the absolute cross sections on which thc measurements 
are based should not be larger than 20 percent, and 
errors due to energy uncertainties in the comparison of 
the cross sections are very small. Errors in the determi- 
nation of fission yields from the smooth curve (this was 
necessary in the case of U™* and U™*) are generally 
about 5 percent in the regions of Zr, Sr, and Ba; neither 
studies of fission fine structure” nor the direct determi- 


8S. N. Ghoshal, Phys. Rev. 80, 939 (1959). 

*R. E. Batzel and G. H. Coleman, Phys. Rev. 93, 280 (1954). 

See, for example, A. C. Pappas, Atomic Energy Commission 
Report AECU 2 (unpublished). Other references are listed 
therein. 
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FISSION AND TOTAL REACTION CROSS 


nations of the yields of these nuclides in thermal fission" 
or proton-induced thorium fission‘ give any indication 
that their yields are abnormal. Considering the fact 
that the Ba and Sr checks agree well with the Zr data, 
it is believed that uncertainties in the fission yields 
could not contribute errors larger than 8 percent to the 
absolute fission cross sections. While the sum of these 
effects gives a rather large maximum possible error 
(~S50 percent), the probable error in the absolute cross 
section for U™* is less than 15 percent. The errors in 
the ratios of the cross sections for U** and Th” to that 
of U™* are considerably smaller. 

The absolute cross section for U™*(p,f) was deter- 
mined to be 1.28 barns at 21.5 Mev. The ratios of the 
cross sections for Th** and U™* to that of U™* at this 
energy were found to be 0.65+0.06 and 1.02+0.10, 
respectively. The thorium value is based largely on the 
Zr’ fission yield from reference 4, which, after remaining 
at roughly 4.15 percent for proton energies from 9 to 
19.5 Mev, suddenly falls to 3.63+0.09 percent at 21.1 
Mev. If this jump is assumed not to be real so that the 
fission yield remains at about 4.15 percent, the ratio of 
the Th”? to U™* cross sections becomes 0.57. 

The excitation functions for fission in U¥* and Th” 
are shown in Figs. 1 and 2, normalized to the above 
absolute values. In order to determine the total reaction 
cross sections, it is necessary to obtain some estimate of 
cross sections for competing reactions. The principal 
reactions to be considered are (p,xn), i.e., (p,m), (p,2), 
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Fic. 1. Fission and (p,3m) excitation functions for protons on 
u™, The dashed curves are the theoretical total reaction cross 
sections for various nuclear radii. 


"C, D. Coryell and N. Sugarman, editors, Radiochemical 
Studies: The Fission Products (McGraw-Hill Book Company, Inc., 
New York, 1951), Appendix, National Nuclear Energy Series, 
Plutonium Project Record, Vol. 9, Div. IV. 
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Fic, 2. Fission excitation function for protons on Th*™. The 
point labeled (p,f)+-(p,3n) is based on the ratio of (p,3n) to 

uf) cross sections from reference 4. The dashed curve is the 
theoretical total reaction cross section for ro=1.5, and_the line 
labeled “‘U%*” is from Fig. 1. 


(p,3n), etc. Tewes and James‘ have measured the (p,n) 
and (p,3n) cross sections for Th™; their excitation 
functions indicate that (~,3m) is predominant at 21 
Mev, and they found its cross section to be about 35 
percent of the fission cross section. Their measurement 
is indicated in Fig. 2. Measurements of the (p,n) and 
(p,3n) cross sections and excitation functions for U** 
were made by comparing yields of Np*® and Np”* with 
those of Zr’. Since the neptunium determinations 
require carrier-free radiochemistry, the results are 
somewhat inaccurate. Chemical yields from the organic- 
solvent extractions were estimated by counting the 
activity in aliquots from repeated extractions from both 
the solvent and acid phases. Several other tests were 
made to ascertain that the neptunium recovery effici- 
ency was high. The final activities were identified as 
Np”* and Np™* (in the high-energy and low-energy 
foils, respectively) by half-life, absorption character- 
istics, and rough determinations of the gamma-ray 
spectrum. The (p,3n) excitation function is shown in 
Fig. 1. Its shape indicates that it is the predominant 
(p,xn) reaction at 21.5 Mev. Its absolute value at that 
energy, 32+13 mb, represents an essentially negligible 
difference between the fission cross section and the total 
reaction cross section for U™*, The (p,m) cross section 
was found to be 4+2 mb at 14 Mev, and somewhat 
less at higher energies. 

The fact that the fission cross section is considerably 
smaller in Th” than in U** was also found in the case 
of alpha- and deuteron-induced fission; it now seems 
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quite evident that this is due to less effective compe- 
tition of (p,xn) reactions in the case of U™*, 

The principal quantity of theoretical interest that 
can be derived from these measurements is the nuclear 
radius. The total reaction cross section can be expressed 
as a product of the geometric cross section [approxi- 
mately x(R+-4%)*], a Coulomb factor, and a “sticking 
probability.” At energies well above the Coulomb 
barrier, the Coulomb factor merely takes into account 
the fact that the path of an incident charged particle 
approaching a nucleus is hyperbolic rather than recti- 
linear. The exact quantum mechanical results can be 
reproduced with reasonable accuracy by a simple 
classical calculation from Newtonian mechanics.'? This 
calculation is quite insensitive to the distribution of 
charge inside the nucleus. The “sticking probability” 
has a maximum value of unity and is well known to 
approach that value closely for the cases under con- 
sideration, Furthermore, it will be seen that the inter- 
esting feature of these measurements is the large value 
of the cross section; this feature would be unchanged if 
the “sticking probability” were less than unity. Meas- 
urements of total reaction cross sections at energies 
well above the Coulomb barrier therefore have a con- 
siderable advantage over determinations of the nuclear 
radius by Coulomb barrier penetration” [such as the 
half-life—energy relationship in alpha decay and low- 
energy (p,n) excitation functions] or by total neutron 
cross sections” which are difficult to interpret theoreti- 
cally. The interpretation of the nuclear radius deter- 
mined from total reaction cross sections is very straight- 
forward, and essentially classical—when an incident 
particle passes within that distance of the center of the 
nucleus, a nuclear reaction takes place. 

Figure 1 shows the theoretical total reaction cross 
section for ro=1.1, 1.3, 1.5, and 1.7 (nuclear radius 
=roA!X10-" cm), calculated as described by Shapiro 
el al.“ Comparison of these curves with the data indi- 
cates that ro=1.55+0.1. Considering the uncertainties 


#27. M. Blatt and V. F. Weisskoff, Theoretical Nuclear Physics 
(John Wiley and Sons, Inc., New ¥ 8 1952). 

8 Summarized in reference 12, p 

4 M. M. Shapiro, Phys. Rev. 30, WH (1953); Feshbach, Shapiro, 
and Weisskoff, U. S. Atomic Energy Commission Report NYO 
3077 (unpublished). 
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involved, ro= 1.5 is within the expected error, but values 
lower than about 1.3 seem to be completely out of the 
question. The same conclusion is obtained from the 
U** and Th cross sections. It is interesting to note 
that this value of 7» is in excellent agreement with the 
only other existing measurement of a total reaction 
cross section at energies well above the Coulomb barrier, 
Kelly’s determinatior. of the (p,m), (p,2n), and (p,3n) 
cross sections for bismuth.'® 

The fact that this value of ro is considerably larger 
than that found from the electron scattering'* and from 
u-mesonic x-ray fine structure’? measurements (al- 
though it is in general agreement with determinations 
by other nuclear methods)" is at first surprising. How- 
ever, this discrepancy between the determinations of 
the nuclear radius by electromagnetic and nuclear 
methods may perhaps be explained as follows: Electro- 
magnetic measurements determine the radius at which 
the absolute value of the nuclear wave function becomes 
different from zero; since the nuclear wave function 
determines the spatial distribution of the nucleons 
considered as points—there is nothing in the wave 
function which indicates that a point nucleon is the 
center of a nuclear force—electromagnetic experiments 
determine the spatial distribution of these “point” nu- 
cleons. Nuclear experiments, however, determine the 
radius at which the incident particle first experiences a 
nuclear force. This happens when it comes within the 
range of the nuclear force of the ‘“‘point’’ nucleons in the 
target nucleus. Thus, radius determinations by nuclear 
experiments should be larger by the range of nuclear 
forces than determinations by electromagnetic experi- 
ments. For the heaviest nuclei, this represents a differ- 
ence of about 25 percent, which approximately accounts 
for the discrepancy. 

The authors would like to acknowledge the many 
helpful suggestions of W. H. Jones (Consultant from 
Emory University), A. F. Roemer, Jr., and F. Moore 
in some of the chemical separations. 
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Proton groups inelastically scattered from Al?’ were observed with a high-resolution magnetic analyzer. 
Bombarding energies between 5.6 and 8.4 Mev were provided by an electrostatic generator. Twenty-two 
levels have been observed up to 6-Mev excitation. Discrepancies with previous work, both as to nuraber and 
position of levels, appear. A level at 1.777 Mev in Si** was also measured. 





I, INTRODUCTION 


FEW of the energy levels of the Al”’ nucleus have 

been seen by several investigators,' while Reilly 
et al.? have made an extensive survey of the levels up 
to about 5.7 Mev using inelastically scattered protons. 
Their cyclotron gave a bombarding energy of 8 Mev, 
and magnetic analyzers measured input and output 
energies with good resolution, 

In connection with other work on the MIT-ONR 
electrostatic generator, some of the aluminum levels 
around 5-Mev excitation were observed. The measured 
excitations did not agree with the published values. 
In attempting to account for the discrepancy, these 
levels were measured again with inelastic proton scat- 
tering, and this led to an investigation of the whole 
aluminum spectrum up to 6-Mev excitation. A pre- 
liminary report of the present work has been given.* 


II. EQUIPMENT AND PROCEDURE 


The generator and magnetic analyzer gave proton 
beams of energies ranging from 5 to 8.4 Mev with a 
spread in energy of 0.1 percent. An 0.5 mmX5 mm 
entrance slit defined the beam spot on the targets. An 
annular magnetic spectrograph was used to measure 
the energy of particles scattered at 90 degrees to the 
incident beam. The uniform magnetic field of the spec- 
trograph focused the scattered particles onto a nuclear 
emulsion after a 180-degree deflection. This instrument 
has been briefly described in a recent paper.‘ 

The annular magnet was calibrated with polonium 
alpha particles, the Bp for which was taken to be 
3.31588 X 10° gauss-centimeters, and the beam analyzer 
was then calibrated against this magnet using elastically 
scattered particles. The input energy was remeasured 
in this way for each run. The magnetic fields were 
measured with nuclear resonance fluxmeters. The scat- 
tering angle was measured by optical means and 


t This work has been supported in part by the joint program 
of the U. S. Office of Naval Research and the U. S. Atomic Energy 
Commission, 

1P, M. Endt and J. C. Kluyver, Revs. Modern Phys. 26, 95 
(1954), 

2 Reilly, Allen, Arthur, Bender, Ely, and Hausman, Phys. Rev. 
86, 857 (1952). 

3S. F. Zimmerman and C. P. Browne, Phys. Rev. 94, 749 
(1954). 

4 Buechner, Sperduto, Browne, and Bockelman, Phys. Rev. 91, 
1502 (1953). 


checked by observing the energy difference between 
elastic groups scattered from a heavy and a light 
nucleus (geld and lithium). 

Two types of targets were used. For much of the 
initial survey, thin aluminum-foil targets, which pro- 
duced an energy spread in the scattered-particle group 
several times the analyzer resolution, were used. These 
gave the maximum peak heights and assured detection 
of weak groups. A thin layer of aluminum evaporated 
onto,thin Formvar was then bombarded, and each of 
the groups observed from the targets was carefully 
studied. The energy width of the groups from these 
evaporated targets was essentially that caused by the 
effective analyzer resolution. Levels spaced as closely 
as 15 kev were easily resolved with these targets. 

The region of excitation from the ground state to 
4 Mev was surveyed at a bombarding energy of 6.57 
Mev; from 3.6 to 4.9 Mev, at an energy of 7.04; and 
from 4.3 to 5.85 Mev, at an energy of 8.17. The region 
of excitation from 2.7 to 5.3 Mev was also covered at 
7.58 Mev, and that from 5.0 to 6.0, at 8.45 Mev. An 
energy of 5.64 was used in addition to measure the two 
levels of lowest excitation. With two exceptions, all 
levels were seen with at least two bombarding energies. 


Ill, RESULTS 


Figure 1 shows a composite plot of the proton groups 
observed from the thin evaporated targets. The regions 
in the figure where no data are shown were found in 
the experiments with the foil targets to be free of groups 
from aluminum. At each bombarding energy, the in- 
tensities of the groups from different targets have been 
normalized against the elastic group. Because of insuffi- 
cient collimation of the beam, and possibly other effects, 
the relative intensities do not reproduce well; therefore, 
the intensities shown should be regarded as approxi- 
mate. 

From the foil-target data (not shown), it can be 
stated that no groups, other than those shown in Fig. 1, 
with intensities greater than 5 percent of the first 
excited-state group appear up to an excitation of 5.3 
Mev. From 5.3- to 6.0-Mev excitation, the intensity 
limit is based on the data shown in the top curve of 
Fig. 1. In this region, it is possible that a group of about 
one-quarter the intensity of the weakest one shown 
could have been missed. There is some evidence for a 
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Fic. 1. Composite plot of protons scattered from Al*’. Various thin evaporated targets on Formvar backings were used. The 
peak heights have been normalized to the elastic groups for each target. Regions of excitation in Al?’ for which no data are shown 
were observed at other bombarding energies and showed no groups. Groups from excited levels of Al” are Jabeled alphabetically. 
Points marked by crosses are from a foil target. 
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group between groups 7 and U (Bp=218, Fig. 1). On 
two exposures at 8.45 Mev, a number of tracks sig- 
nificantly above background appeared. However, on a 
third exposure at this energy and at a bombarding 
energy of 8.17, no group appeared in this region of 
excitation. Another group appeared on one exposure 
between P and O (Bp=237, Fig. 1), but failed to 
repeat. 

The alphabetically labeled groups in Fig. 1 have 
been assigned to excited states of Al’’. The assignment 
is based on the constancy of the relative intensity of 
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groups from the foil and evaporated targets and the 
observation of the change of energy of the scattered 
group with changing bombarding energy. The region 
containing the elastically scattered groups was carefully 
studied to insure that the target did not contain appreci- 
able amounts of contamination other than carbon and 
oxygen. Since Formvar was used as a target backing, 
elastic and inelastic groups from carbon and oxygen 
are to be expected; however, as their energies are well- 
known, they may be easily identified. 

The group labeled V is the only one for which a 
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Fic. 2. Evidence for assignment of two proton groups to carbon contamination on front and back surface 
of aluminum foil target. For explanation, see text. 


reservation in assignment must be made. It was ob- 
served only once, this being the run shown in the top 
part of Fig. 1. 

In addition to the groups assigned to Al?’ and to C” 
and O'*, Fig. 1 shows a very weak group at Bp= 304 in 
the lower part of the figure. This latter group has been 
observed at four bombarding energies between 5.2 and 
7 Mev. From its observed change in energy, it may be 
assigned to a nucleus of mass 28+4. If it is assumed to 
be from Si**, the excitation is 1.777 Mev. This corre- 
sponds to a known level.’ As a check, a target of 
evaporated SiO, was bombarded immediately after the 
aluminum. An extremely intense group was found at 


5R. A. Peck, Phys. Rev. 76, 1279 (1949); H. T. Motz and 
D. E. Alburger, Phys. Rev. 86, 165 (1952). 


the same position. Based on the intensity of the group 
relative to the elastic group from silicon for the SiO, 
target, it was estimated that the amount of silicon con- 
tamination on the aluminum target needed to give the 
observed inejastic peak would give an elastic group 
that would be lost in the background at the base of 
the elastic group from Al?’. Silicon contamination has 
been observed before in the annular magnet and might 
be expected as a contaminant in the foil targets, and it 
is not surprising to find it here. There is therefore no 
evidence for an Al?’ group at 1.8 Mev, as seen by some 
researchers.' 

The region containing the group associated with the 
4.43-Mev level in C" is of particular interest, as Reilly 
et al. report two levels in Al’? that would give groups 
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very near this one at their bombarding energies. In the 
present preliminary survey, where foil targets were used, 
two groups were seen in this region. These are shown 
in the left-hand portion of Fig. 2, together with the 
group from the 4.807-Mev aluminum level. The bom- 
barding energy here is 8.15 Mev. It is immediately 
apparent that the central peak is not from the foil 
material because its width is much narrower than that 
caused by the foil thickness, as may be seen by com- 












































Fic. 3. Energy levels 
of?Al*’ as determined in 
this work. Values are in 
Mev. 
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parison with the 4.807 group. This peak was readily 
assigned to the known C” level from measurements on 
the change in its energy with a change in bombarding 
energy. The same three peaks are shown in the middle 
portion of Fig. 2 for 7.58-Mev bombarding energy. The 
spacing between the Al?” and C” groups has changed 
the proper amount. 

However, the spacing between the C” group and the 
left-hand group has remained essentially constant, indi- 
cating that the left-hand group also cannot come from 
Al’’, It is noted that the energy separation between the 
two groups is closely the energy thickness of the 
aluminum foil, and hence it seems apparent that the 
left-hand group arises from carbon contamination on 


TaB_e I. Q values for inelastic scattering of protons from AF’. 
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* The letters in Column 1 correspond to the peak labels of Fig. 1. 

b Column 2 gives the Q value which is numerically equal to the excitation 
energy in Al?’, 

¢ Column 3 lists the bombarding energies used to measure each group. 

4 Column 4 gives the total number of measurements used in the average 
for each Q value. 
the back side of the foil. Straggling and nonuniformity 
of the foil would account for its width. Reilly used a 
fresh foil in investigating this region and did not report 
any group from carbon. The right-hand portion of 
Fig. 2 shows the result of bombarding, at 7.58 Mev, 
a new foil that had not previously been used. It is seen 
that the groups assigned to carbon on the two surfaces 
are greatly reduced in intensity but are still com- 
parable to the intensity of the group from aluminum. 
The emulsion technique allowed this whole plot to be 
recorded simultaneously, and undoubtedly this target 
had considerably less bombardment than Reilly re- 
quired to plot the region point by point using a counter. 

With the thin evaporated aluminum layers on thin 
Formvar backings, a single intense group is seen from 
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the carbon level, as shown in Fig. 1. The region of 
excitation in Al*’ obscured by this group at one energy 
is clear at other energies. There is no evidence for any 
aluminum group between the groups labeled M and NV. 

The measured Q values, which are numerically equal 
to excitation energies, are listed in Table I. Each 
number is the weighted average of the values from two 
to six separate exposures, none of which vary from the 
average by more than 8 kev. The bombarding energies 
and number of measurements for each level are given 
in the last two columns of Table I. The level diagram 
for Al*’, as determined in this work, is shown in Fig. 3. 

The discrepancy between the present work and that 
of Reilly et al. is illustrated by the comparison of the 
level schemes above 4-Mev excitation in Fig. 4. The 
present values are about 70 kev lower. This difference 
gradually decreased toward lower excitations, vanishing 
for the lowest level. As discussed above, no levels are 
seen between 4.81 and 5.15 Mev. The two levels near 
3 Mev with 24-kev spacing and the two near 5.4 Mev 
with 15-kev spacing were unresolved in the previous 


work. 
IV. ERRORS 


Errors involved in the measurements included errors 
in measurement of group positions on the emulsions, 
analyzer calibration with polonium alpha particles, de- 
termination of scattering angle, measurement of mag- 
netic fields, variation of input energy between measure- 
ment of elastic and inelastic groups, and possible effects 
of target contamination. 

It is felt that the major part of the over-all uncer- 
tainty stated in Table I arises from errors in deter- 
mining the radius of the particle trajectory by measure- 
ments on the emulsion. This comes from uncertainty in 
the position of the emulsion both while it is in the 
spectrograph during exposure and while it is in the 
microscope during measurement of track positions. 

Evidence that the error caused by carbon buildup 
on the targets is negligible is contained in Fig. 2. The 
target used to give the groups shown in the center of 
the figure had been bombarded considerably longer 
than any target used for final energy measurements. 
The width of the group from carbon on the surface is 
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Fic. 4. Comparison of present values and those obtained by 
Reilly ef al. for the excited states of Al?’ above 4.4 Mev. The 
numbers between the two level diagrams are energy differences 
in kev. 


still just the analyzer resolution. Thus, the stopping 
power of the carbon layer cannot be more than a few 
kilovolts. 

It is a pleasure to thank Dr. C. K. Bockelman for 
help in taking some of the data and our plate readers 
Mr. W. A. Tripp and Miss Janet L. Frothingham for 
their faithful measurements on the nuclear emulsions. 
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The neutron-deficient chain Ba'**—Cs'** has been produced from nitrogen-ion bombardments of indium 
in the 60-inch cyclotron, by the reaction In"*(N, 3n). Studies have been made of this new chain with a 
50-channel scintillation spectrometer, a scintillation coincidence spectrometer, and a time-of-flight mass 
spectrograph. Element assignments and genetic relations have been verified chemically, and the mass 
number assigned with the isotope separator. Ba'®* decays principally by orbital electron capture with a 
half-life of 96.54-2.0 minutes, and its daughter Cs! is a positron emitter of 1.64-0.2 minute half-life and 
electron capture branching of 1844 percent. The decay of Cs'** proceeds by allowed transitions, ~62 per- 
cent to the ground state of Xe'!** and ~38 percent to the first excited state at 385 kev. The positron spectrum 
has a maximum energy of 3.8+-0.4 Mev. On the basis of its decay properties, Cs!* appears to have a ground- 


state configuration of (1+). 





INTRODUCTION 


PROGRAM has been underway in this laboratory 

to study the nuclear reactions of cyclotron-accel- 
erated heavy ions and to utilize these ions in the 
synthesis of new isotopes of the heaviest elements.'~‘ 
In principle at least, heavy-ion bombardment should 
also find application to the study of neutron deficient 
isotopes of medium and low Z elements, because it 
provides an almost unique way to prepare these isotopes 
free of heavier ones. To date, the major limitation on 
this application has been the low beam iniensities 
available, which has severely restricted the feasibility 
of spectroscopic investigations. Nonetheless, it was felt 
that the possible advantages of using heavy ions for 
the production of neutron deficient nuclei should be 
examined. 

In the work reported here, a new neutron-deficient 
chain, 5Ba'**— 5,Cs'*, has been produced by the irradia- 
tion of indium (Z = 49) targets in the nitrogen ion beam 
of the Crocker 60-inch cyclotron. The genetic relation- 
ship between these nuclides has been verified by means 
of chemical “milking” experiments, and their radiations 
have been studied with Nal and anthracene scintillation 
detectors coupled to a 50 channel differential analyzer. 
Some coincidence studies have also been made by using 
the scintillation coincidence spectrometer. Assignment 
to the mass-126 chain has been accomplished by means 
of a time-of-flight mass spectrometer. Barium-126 is 
found to have a half-life of 96.5 minutes, and to decay 
by orbital electron capture. Its daughter, s5Cs'**, decays 
with a 1.6-minute half-life, chiefly by the emission of 
positrons of maximum energy about 3.8 Mev. 

A 12-minute barium activity, which may be Ba’ or 
possibly Ba'™, has also been observed in some short 
nitrogen ion bombardments of indium. This will be 

! Miller, Hamilton, Putnam, Haymond, and Rossi, Phys. Rev. 
80, 486 (1950). 


? Ghiorso, Thompson, Street, and Seaborg, Phys. Rev. 81, 154 
1951). 
* Rossi, Jones, Hollander, and Hamilton, Phys. Rev. 93, 256 
(1954). 

‘Ghiorso, Rossi, Harvey, and Thompson, Phys. Rev. 93, 257 
(1954). 


reported only briefly, since no detailed study of this 
nuclide has been undertaken. 


BOMBARDMENT CONDITIONS 


In most of the bombardments, targets of indium 
oxide (In,O;)° weighing ~100 mg were mounted in 
0.25- or 0.5-mil platinum envelopes for use with the 
internal heavy ion probe. A few runs were also made 
using targets of indium metal melted to the copper 
backing plate of a water-cooled probe. Irradiations 
were made at a dee radius of 23.5 inches. The energy 
of the nitrogen ion beam has a continuous distribution 
with a maximum of ~140 Mev.’ Because of the thick 
targets used, it was not possible to monitor the beam 
during bombardments, but nitrogen ion currents meas- 
ured separately have averaged around 0.1 microampere. 
Bombardment times were either short (two to five 
minutes) or of the order of an hour, depending upon the 
half-lives of the barium activities being studied. 


CHEMICAL PURIFICATIONS 


A pure barium fraction was prepared initially from 
the indium metal or oxide targets by a procedure in- 
volving the precipitation of Ba(NO3)2 with fuming 
HNO; followed by precipitation of BaCl, with “ether- 
HCl” reagent. 

The rapid “milkings” of cesium from solutions con- 
taining the Ba!*—Cs'* equilibrium mixture made use 
of sodium cobaltinitrite as a precipitant for cesium. The 
Cs;Co(NOz)¢ precipitate was quickly dissolved in fum- 
ing HNOs, and several Ba(NO;)2 scavenges performed. 
The entire procedure consumed less than three minutes. 


EXPERIMENTAL RESULTS 
Half-Lives 


The barium chemical fractions from the nitrogen ion 
bombardments of indium exhibited, after the decay of an 


red from Indium Corporation of 


5 The In,O; powder was pre 
America 99.97 percent metal by HNO; solution, hydroxide pre- 
cipitation, and finally ignition to the oxide. 
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initial ~ 12-minute component, a single activity which 
followed a period of 96.5+2.0 minutes through as 
many as ten half-lives without deviation. When the 
chemical purification was performed more than an 
hour after the end of bombardment, only the 97-minute 
activity appeared in the barium fraction, proving its 
chemical identity as an isotope of barium. 

By making a series of rapid chemical separations of 
cesium away from a solution containing the 97-minute 
barium activity, a cesium daughter has been isolated 
whose half-life was measured from five milkings to be 
1.5+0.3 minutes. 


Mass Assignment 


With the aid of M. C. Michel, the mass assignment 
of the new Ba—Cs chain has been made on a medium- 
resolution, high-transmission (~20 percent) isotope 
separator employing the time-of-flight principle.® 

The sample, containing ~10° dis/min of the 97- 
minute barium in equilibrium with its cesium daughter, 
was deposited onto a tungsten filament in the form of 
~50 ug BaSO,. Because of the weakness of this source, 
it did not seem feasible to attempt collection of barium 
ions, consequently advantage was taken of the much 
greater ionization efficiency of the short-lived cesium 
daughter. By “flashing” the ion source at a temperature 
sufficient to ionize cesium but not vaporize barium it 
was possible to collect cesium ions alone, accomplishing 
simultaneously both chemical and mass separation. 
By so retaining barium on the filament, the experiment 
could be repeated several times with essentially no loss 
in yield of cesium at the collector end. | 

After flashing the source for ~ 10 seconds, the vacuum 
system was quickly let down to air, and the collector 
plate removed for counting. This procedure consumed 
about two minutes. Activity was found to collect only 
at the mass-126 position, and this decayed with a 
half-life of 1.6+0.2 minutes. The new chain is thus 
identified as Ba'’*’—Cs!*, produced by the reaction 
In'5(N, 3n)Ba!*, 


Gamma Spectra 


Nitrogen ion bombardments of around an hour’s 
duration yielded less than 10° disintegrations per 
minute of the Ba'*— Cs" chain, so it was not possible 
to utilize high resolution magnetic spectrometers in an 


TABLE I. Positron and x-ray abundances. 








Ba!2¢ + Cgtt¢ — Cagis = 
equilibrium 

~1.2 0.18 

~A.8 0.82 
Total 2.0 1.0 





X-rays 
pt 








*W. E. Glenn, University of California Radiation Laboratory 
Report UCRL-1628, January, 1952 (unpublished); M. C. Michel 
and D. H. Templeton, Phys. Rev. 93, 1422 (1954). 
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Fic. 1. (a) Gamma spectrum of Ba*’—Cs"* equilibrium mix- 
ture. Ordinate at 30-kev channel equals 6100 counts, (b) Gamma 
spectrum of Cs!**. (c) Gamma spectrum of Ba'*, obtained by 
subtracting 6 from a. [The 510-kev peak of Fig. 1(b) has been 
normalized to the 510-kev peak of Fig. 1(a).] 


examination of the beta and gamma spectra, Conse- 
quently, we have made use principally of a NalI(TI) 
scintillation detector coupled to a 50-channe! differ- 
ential analyzer designed by Ghiorso and Larsh.’ 

In these experiments, the gamma-ray spectrum of the 
barium-cesium equilibrium mixture was first studied, 
and it was verified that all peaks decayed with a 97- 
minute half-life. Then a pure sample of the 1.5-minute 
cesium daughter was prepared by the “milking” pro- 
cedure described above, and its gamma spectrum was 
examined. The spectrum due to the 97-minute barium 
parent was then obtained by making the appropriate 
subtraction of the cesium spectrum from that of the 
equilibrium mixture. Figure 1 shows the spectrum be- 
tween 0 and 750 kev of the equilibrium mixture, the 
pure Cs!6, and the subtracted spectrum obtained for 
the Ba'* parent. It is noted, from the observed relative 
abundances and from the equilibrium conditions pre- 
vailing, that the x-rays (at ~30 kev) belong mainly 
to the Ba'®* while the annihilation radiation accom- 
panies the decay of Cs'*, 

The gamma spectrum of Cs is quite simple; other 
than annihilation radiation and ~30-kev x-rays only 
a gamma ray of 385-+5 kev is in evidence. The peak 
(in Fig. 1(b)) at ~170 kev is due to 180° backscattered 
annihilation radiation, and that at ~75 kev is the lead 
fluorescent x-ray generated in the counter shield. From 
the observed® photopeak abundances, it is calculated 
that Cs'6 decays principally by positron emission, with 
an electron capture branching of 18+-4 percent. The 
385-kev gamma ray appears in 38+7 percent of the 
disintegrations. No gamma ray of energy greater than 
600 kev is observed with an abundance higher than 
5 percent of the disintegrations. 

The gamma spectrum of Ba', obtained by sub- 


7 A. Ghiorso and A. E. Larsh (to be published). 
* The calibration of the scintillation spectrometer is described 
in the Appendix. 
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Fic. 2. Gamma-gamma coincidence counting rate of 385-kev 
+ rays as a function of gate setting. 


traction, is more complex. Gamma rays of 225+10 kev 
and 700+30 kev are definitely observed, with relative 
intensities 3:1. A weak gamma ray at ~900 kev is 
probable. The peak at 115 kev appears to be largely 
backscattered 225-kev radiation, since its relative in- 
tensity varies with position of the source in the counter 
shield. X-rays are the predominant feature of the decay 
of Ba'*, but because of the uncertainties accompanying 
the subtraction of the gamma spectra and because of 
the unknown contribution of x-rays from internal con- 
version of the gamma-rays, a ratio of electron capture 
to positron emission in Ba'* cannot be given with 
confidence. 

The direct decay of the gamma-ray lines from the 1.6- 
minute Cs'** was observed by performing the fast cesium 
“milking” from the parent, placing the separated cesium 
fraction into the scintillation spectrometer, and pho- 
tographing the dials of the spectrometer with a 
Leica camera at half-minute intervals following each 
“milking.” By subtraction of the dial readings of one 
negative from those of the next negative, the spectrum 
during each half-minute period could be examined. In 
this way, decay curves have been constructed for the 
integrated photopeaks of the annihilation gamma ray, 
the 385-kev gamma ray, and for the K x-rays; all 
exhibit a half-life of 1.60.2 minutes, through five 
half-lives. 


Beta Spectrum 


The end point of the positron spectrum was meas- 
ured in a sample of the Ba—Cs equilibrium mixture by 
means of an anthracene scintillation crystal coupled to 
the 50-channel analyzer, and also by absorption in 
beryllium. Both methods gave a value of 3.80.4 Mev. 
As noted above, these positrons are associated with the 
decay of Cs"**, 


Coincidence Measurements 


Several experiments were done in which the 
Ba'*—(Cs"* chain was examined with a coincidence 
scintillation spectrometer designed by J. O. Ras- 
mussen. The apparatus consists of a NaI or anthracene 
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gate detector coupled to a single-channel analyzer, 
and a Nal coincidence detector coupled to the 50- 
channel analyzer. In these experiments, the resolving 
time was ~8X10-* second. The anthracene detector 
in the gate circuit was employed when positron-gamma 
coincidences were being examined ; for gamma-gamma 
coincidences Nal crystals were used in both circuits. 
The two crystals were shielded from each other by a 
2-inch lead brick and beryllium absorbers were placed 
in front of the gamma-ray detector to absorb electrons. 

Although the short half-life of the activity under 
study prevented the accumulation of sufficient events 
per experiment to give good statistics, several qualita- 
tive results were obtained by sweeping the gate channel 
over the gamma spectrum in increments of ~35 kev 
and recording the coincident gamma spectrum at 90° 
on the 50-channel analyzer. Figure 2 is a plot of the 
coincidence rate at ~385 kev on the 50-channel 
analyzer as a function of gate setting, showing a maxi- 
mum rate at a gate setting of ~510 kev. Figure 3 
similarly indicates the coincidence rate at ~510 kev, 
showing a maximum at a gate setting of ~385 kev. 
These experiments verified that the 385-kev gamma 
ray follows positron decay in Cs'*. They also serve to 
point out that there is no gamma ray of ~500 kev 
following positron decay of Cs'*, since few 500-500 
gamma-gamma coincidences are observed. An upper 
limit of 4 percent per disintegration can be set for a 
possible gamma ray at ~500 kev. This fact could not 
be deduced from the gross gamma spectrum alone, 
because of interference from the prominent 510-kev 
annihilation peak. Even those few 510y-510y coinci- 
dences that are observed at 90° might be explained as 
being due to annihilation-annihilation coincidences, 
since an appreciable fraction of positrons annihilate in 
flight, giving annihilation quanta at angles other than 
180° with respect to each other. 

In scanning high energies on the gate, a maximum of 
gamma-gamma coincidences in the region of 225 kev 
was obtained when the gate was set at ~700 kev, 
offering some evidence that the 225-kev gamma ray in 
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Fic. 3. Gamma-gamma coincidence counting rate of 510-kev 
y rays as a function of gate setting. 
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Ba"™¢ may be in coincidence with the 700-kev gamma 
ray. 

Using the anthracene crystal in the gate circuit, 
positron-gamma coincidences were run at 180°. With a 
gate setting <3 Mev, coincidences were observed at 
~390 kev and ~510 kev. At a gate setting of ~3.5 
Mev, the ~390-kev peak was not observed, but the 
positron-annihilation coincidences remained. Since no 
gamma ray other than that at 385 kev is observed in 
the decay of Cs!*6, it is inferred from the above that a 
ground-state positron transition takes place between 
Cs!6 and Xe!”6, 


CONCLUSIONS 


From the observed positron and gamma-ray abun- 
dances in Cs!”6, some conclusions can be drawn about 
its decay scheme. Log/t values of 4.7 and 4.8 are calcu- 
lated® for the positron decay to the ground and first 
excited states of Xe!**, respectively. These are both 
within the range of values expected for “allowed” 
transitions, and suggest that the configuration of the 
ground state of Cs* is (1+), since (0+) and (2+) 
doubtless represent the configurations of the first two 
states in Xe'**, The energy of the first excited state of 
Xe! found in this work, 385+5 kev, is in agreement 
with that reported from studies of the beta decay of I'*6 
by Perlman and Friedlander” (386+2 kev) and by 
Mitchell ef al.!! (395+-5 kev). 

In a further study of the radiations of I'**, Perlman 
and Welker” have reported a second excited state in 
Xe* at ~870 kev, with a configuration also (2+). 
It is of interest to note that in the present study this 
state was not observed from the decay of Cs'**, A limit 
of 4 percent for the population of this state was set by 
the absence of coincidences between the 510-kev gamma 
ray and a gamma of 485 kev which would be expected 
to de-excite an 870-kev state if the spin sequence were 
(2+)—+(2+)—(0+-) as reported by Perlman and 
Welker. If the same selection rules are operative for 
decay of Cs'”* to all these states, one would expect an 
870 kev (2+-) state in Xe'”* to be populated from Cs'”* 
to the extent of perhaps 20 percent, which is sub- 
stantially above our experimental upper limit. A cross- 
over gamma ray of 870 kev was also not observed in 
the gamma spectrum of Cs'*, but its expected abun- 
dance might be as low as the upper limit of 5 percent 
set from the gross gamma spectrum. 

Because only a rough measurement of the positron 
energy of Cs'* could be obtained in these experiments, 
the disintegration energy cannot be specified precisely. 
However, the value of 4.80.4 Mev follows the general 


9S. A. Moszkowski, Phys. Rev. 82, 35 (1951). 
( 10 33 L. Perlman and G. Friedlander, Phys. Rev. 82, 449 
1951). 

" Mitchell, Mei, Maienschein, and Peacock, Phys. Rev. 76, 
1450 (1949), 

12M. L. Perlman and J. Welker, Phys. Rev. 95, 133 (1954). 
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Fic. 4. Decay scheme of Cs™*, (8* should read B++ EC.) 


trend of the energy surface shown by the “beta- 
systematics” curves of Way and Wood." 

The electron capture branching of Cs!*, 18+-4 per- 
cent, compares with a figure of ~16 percent predicted 
from the theoretical curves of Feenberg and Trigg" for 
allowed transitions with Z = 54 and positron abundances 
and energies as reported here. 

A decay scheme consistent with these data is pre- 
sented in Fig. 4. 


THE 12-MINUTE BARIUM ACTIVITY 


In several short nitrogen-ion bombardments of 
indium, an approximately 12-minute activity appeared 
in the barium fractions in lower yield than the 97- 
minute Ba'*, This activity may be Ba'’, produced by 
the In™5(N, 2) reaction. Barium-127 has been ob- 
served by Lindner and Osborne,'® who have shown that 
it decays with a 12-minute half-life into 6.3-hour Cs’, 
Although no 6-hour “tail” has been seen in the Geiger 
counter decay curves of our barium fractions, the low 
B+/EC branching ratio (<10 percent) of Cs!’ re- 
ported by Mathur and Hyde'® would indicate that this 
isotope could have a counting efficiency low enough to 
have escaped detection in our gross decay curves. 

On the other hand, it is possible that the half-life of 
the unknown isotope Ba™ could be of the order of 12 
minutes, if it decays by an allowed transition. Such a 
half-life would require a disintegration energy of ~3 
Mey, which is not an unreasonable value.” Barium-124 
would be produced in these experiments by In'*(N, 3) 
and In"5(N, 5m) reactions. 
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APPENDIX 
Calibration of the NaI(T1) Spectrometer 


A 14-inch diameter by 1-inch thick thallium activated 
sodium iodide crystal was used in conjunction with the 
50-channel analyzer. A diffuse reflector of MgO sur- 
rounded the crystal, and a thin beryllium window 
separated it from the sample. The crystal was bonded 
to a thin quartz disk which in turn was optically 
coupled to a Dumont 6292 photomultiplier tube by a 
layer of mineral oil. With this arrangement, a resolution 
of 8 percent was obtained at 661 kev. An aluminum- 
lined lead shield housed the detector assembly, and 
samples were mounted in a standard G-M tube five 
position shelf holder. In these experiments, most meas- 
urements were made at a distance of ~1.5 inches from 
the crystal, which represented a geometry of 5.1 per- 
cent (as determined with the 60-kev gamma ray of a 
standardized Am™' sample). 

Energy calibration of the spectrometer was made 
during each experiment, with the following gamma-ray 
standards: Am™! (60 kev), U™* (143, 184 kev), Au'®* 
(412 kev), Cs"? (32, 661 kev), and Na” (510 kev, 1.28 
Mev). In addition, the annihilation radiation of Cs! 
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served as an internal standard, so that any shift in the 
energy scale could be observed and corrected. 

The following counting efficiencies were used to calcu- 
late the relative intensities of the various gamma rays: 


X-rays (Cs, Xe) 


225 kev 63 
385 kev 28 
510 kev 17 
700 kev 11 


We have determined the counting efficiencies of 
gamma rays at 412 kev (Au"*), 510 kev (Na™), 661 kev 
(Cs"7), 1.28 Mev (Na™), and 1.33 Mev (Co®), using 
a 4-r counter to determine the absolute disintegration 
rates of the standard samples. The results of these 
measurements were all within 5 percent of the effi- 
ciencies obtained from the data of Bell et al.!""* for 
the experimental conditions used here. Because of this 
agreement, the Oak Ridge curves were used to deter- 
mine the efficiencies at other gamma-ray energies. 

The observed x-ray intensities were corrected for 
fluorescence yield and absorption by comparison with 
the x-rays from a Cs!’ standard examined under 
identical experimental conditions. 

17 Bell, Heath, and Davis, Oak Ridge National Laboratory 
Report ORNL-1415, 1952 (unpublished). 


'® Bell, Hughes, Davis, Jordan, and Randall, Oak Ridge 
National Laboratory Report ORNL-1415, 1952 (unpublished). 
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Neutral Pion-Deuteron Production in 400-Mev n-  Collisions* 
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The reaction n+-p—+d+-r° has been studied in a high-pressure 
hydrogen-filled diffusion cloud chamber. A total of 102 deuterons 
were identified by a technique of ionization measurement in con- 
junction with momentum measured in the 10 500-gauss magnetic 
field. From the laboratory deuteron angle and momentum, the 
pion angle and the incident neutron energy can be deduced with 
good resolution, provided the pion is emitted backward in the 
center-of-mass system. Proton recoils were observed simul- 
taneously, from which the incident neutron flux and energy 
spectrum were determined. The energy spectrum is centered at 
400 Mev with a spread of +25 Mev. From 52 events occurring 
in the backward direction the angular distribution of pion emission 
was found to be consistent with (0.28_o.14*°2*-+-cos), where the 


I. INTRODUCTION 


HE experiment reported here is a study of the 
reaction n+ p—d+-7° in a high-pressure diffusion 

cloud chamber, with 400+25-Mev neutrons produced 
by the University of Chicago 170-inch synchrocyclotron. 


of the U.S. Office of 
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limits include 70 percent of the probability and Y~ is the pion 
angle in the center-of-mass system. The observed excitation 
function and total cross section determined from 60 events is 
consistent with (0.47+0.08)»° millibarn, where 7 is the center-of- 
mass pion momentum in rest mass units. These results agree, 
within the accuracy of the measurements, with the prediction 
of charge independence that the ratio of this reaction to p+p— 
d+-n* should be 4. 

Eight cases of internal conversion of the neutral pion were 
seen, four accompanied by deuterons and four by protons, the 
later giving evidence on neutral pion creation with unbound final 
nucleons. 


The total cross section as well as the angular distribu- 
tion were measured. Since deuterons rather than neutral 
pions were detected, there is in this experiment no 
ambiguity due to the presence of pions produced with 
unbound final nucleons. The general plan of the experi- 
ment is this: deuterons produced in collisions of 400- 
Mev neutrons with protons in a high-pressure hydrogen 
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diffusion cloud chamber were identified by a technique 
of ionization measurement combined with momentum 
measurement. From deuteron angle and momentum, 
and knowledge of the incident beam direction, the pion 
angle in the center-of-mass system and the incident 
neutron energy in the laboratory system were deduced 
for each event. Proton recoils in the forward direction 
were used to determine the incident neutron flux and 
energy spectrum. 

The principal theoretical interest in this reaction 
arises from the hypothesis of approximate charge in- 
dependence in the pion-nucleon interaction. The prin- 
ciple of charge independence reduces to three the 
number of independent matrix elements required to 
describe single pion production in nucleon-nucleon colli- 
sions. This simplification, together with a phenomeno- 
logical description of the nucleon-nucleon force, provides 
a framework in which a consistent explanation of the 
gross features of these processes, such as meson energy 
spectrum and variation of yield with incident energy, 
has been attained,' and the success of this scheme is 
support for the charge independence hypothesis. 

An acute further test is afforded by the experimental 
check of relations predicted by charge independence to 
exist among the various pion creation cross sections. 
The simplest of these relations, 


a(n+p—d+n)=}0(pt+p—d+n*), (1) 


is found for reactions in which the final nucleons are 
bound deuterons, because the deuteron has isotopic 
spin 0 whereas an unbound neutron and proton can 
have isotopic spin 1 or 0. Under charge independence 
the two reactions of Eq. (1) are merely different orienta- 
tions in isotopic spin space of a state of total isotopic 
spin 1, the factor } coming from the fact that only half 
of the n+p states have isotopic spin 1. The similarity 
of angular distributions predicted by Eq. (1) has been 
previously confirmed. The angular distribution for 
n+p—d+7° was measured by Hildebrand;? that for 
p+p—-d+-n* was obtained by detailed balance from 
the reaction d+x+t—p+ p, which was measured by 
Durbin, Loar, and Steinberger.’ 

At the energy of this experiment (pions produced 
with an energy of about 50 Mev in the center-of-mass 
system) the important fina] states and corresponding 


TABLE I. Final states and corresponding initial 
states in n+ p—d+r°. 


Pion J 








In'tial Deuteron Parity Ang. dist. 





isotropic 
isotropic 
+cos* 


(a) sP; aS) Ss 1 
(b) 1So 3S; 0 
(c) IDs aS; P 2 








1K. M. Watson and K. A. Brueckner, Phys. Rev. 83, 1 (1951); 


M. Gell-Mann and K. M. Watson, Ann. Rev. Nuc. Sci. (to be 
published) ; A. H. Rosenfeld, Phys. Rev. 96, 130, 139 (1954). 
?R. H. Hildebrand, Phys. Rev. 89, 1090 (1953), and private 
communication. 
3 Durbin, Loar, and Steinberger, Phys. Rev. 84, 581 (1951). 
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Fic. 1, Experimental arrangement. 


initial states allowed by conservation of parity, angular 
momentum, and isotopic spin for the reaction n+p— 
d+ are given in Table I. The angular distributions 
are for unmixed transitions. The total angular distribu- 
tion must be symmetric about 90° in the center-of- 
mass system, because the initial states are symmetric 
with respect to isotopic spin and the initial nucleons 
are therefore indistinguishable. There is evidence from 
pion scattering experiments‘ that the pion-nucleon 
interaction is strong in two-particle states of spin } and 
isotopic spin 3. Such states are components only of 
final state (c), so we expect that this transition will be 
strong® and that there will be (1) a prominent cos*p 
term in the angular distribution and (2) a predomi- 
nantly 7° dependence of the cross section, where 7 is 
the center-of-mass momentum in rest-mass units. This 
has been experimentally confirmed for the analog re- 


action p+p—d+r*. 
Il. EXPERIMENTAL ARRANGEMENT 


The general experimental arrangement is shown in 
Fig. 1. The neutrons were produced in a 2-inch thick 
beryllium target placed in the circulating proton beam 
at radius 76 inches, corresponding to a nominal proton 
energy of 450 Mev. Neutrons emitted directly forward 
pass through 1-inch collimators at either side of the 
12-foot steel shield wall. The angular divergence of the 
neutron beam was about 0.2°. Near the cyclotron side, 
an 11-inch long paraffin plug was inserted into the beam 
under conditions such that a single neutron scattering 
would almost certainly remove the neutron from the 
beam. The purpose of this filter was to suppress neu- 
trons of energies less than about 100 Mev. Neutrons of 
such energies are particularly injurious to diffusion 
cloud-chamber operation because they produce highly 
ionizing recoil protons copiously, and these deplete the 


( ‘Anderson, Fermi, Martin, and Nagle, Phys. Rev. 91, 155 
1953). 
( 5K. A. Brueckner and K. M, Watson, Phys. Rev. 86, 923 
1952). 
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vapor supply. At the exit of the collimator a magnet 
was placed to deflect charged particles away from the 
chamber. The entrance window for the high-pressure 
chamber is 75-inch stainless steel, and in the neutron 
beam is a source of charged secondaries which steal 
vapor and confuse pictures. It was therefore mounted 
on the end of a 5$-foot tube in order to remove it from 
the vicinity of the sensitive volume of the chamber. 

For maintaining the neutron beam intensity at a 
delicate compromise between chamber overloading and 
empty pictures, a monitor consisting of an hydrogenous 
target followed by counters was placed in the neutron 
beam leaving the chamber. This monitor played no role 
in measurement of cross section. As a further check on 
cloud-chamber operation as well as on neutron beam 
intensity, a small auxiliary camera was mounted to 
provide test pictures at frequent times during the run 
without interrupting operation or disturbing the main 
camera. This camera viewed the heart of the sensitive 
volume and permitted continual photographic check on 
cloud-chamber operation. 

The chamber itself operated at a pressure (when 
cold) of 22 atmospheres. It has an inside diameter of 
18 inches and maintains a sensitive depth of 2 inches to 
3 inches. It is provided with a nonpulsed magnetic 
field of 10 500 gauss. A proton resonance device was 
built for measuring the field at several positions in the 
chamber, and a flux meter using a coil and electronic 
integrator used to map intermediate regions. The mag- 
netic field varies by one percent across the useful diam- 
eter of the chamber, and by about 0.5 percent per cm in 
the vertical direction in the sensitive volume. Correc- 
tions have been made for these variations, although 
error in radius of curvature measurement usually 
dominates, as discussed in Sec. ITT. 

The chamber was photographed by a stereoscopic 
camera whose eyes converge at a total angle of 16°. 
The camera uses 35-mm Eastman Kodak Linagraph 
Ortho film, and Leitz Hektor 28-mm lenses which give 
a minification of 18. Photography is synchronized with 
the cyclotron oscillator high-voltage power source so 
that the flash occurs 114 milliseconds after the particles 
arrive. The clearing field of about 80 volts/cm is re- 
moved about four seconds before tracks are formed and 
reapplied immediately after photography. The interval 
between exposures was 27 seconds, somewhat longer 
than in usual diffusion cloud-chamber operation, in 
order that the chamber could recover fully between 
pulses, Full recovery and a minimum of localized regions 
of vapor depletion in the sensitive volume were neces- 
sary in order to obtain clear origins of charged recoils. 
This requirement, plus the fact that the tracks dealt 
with were relatively heavily ionizing, necessitated the 
precautions already mentioned, i.e., low-energy neutron 
filter in the beam, distant chamber entrance window, 
relatively long interval between pictures, and the 
auxiliary camera. In addition, great care was taken in 
shielding of the experimental room and the removal of 
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weakly radioactive objects from the vicinity of the 
chamber during the runs. 


Ill. SCANNING PROCEDURE 


The pictures were analyzed by projection through 
the identical optical system used in photography in 
order to eliminate distortion of optical origin. Replicas 
of the plate glass cloud chamber windows were mounted 
before the lenses. Film shrinkage is negligible provided 
the time between photography and projection is not 
more than a few months. 

The projection system was designed to allow accurate 
and rapid angle and momentum measurement. Over 
10000 pictures were scanned and several thousand 
tracks measured at an over-all rate of about one picture 
per minute. 

The tracks were projected onto a table which tilts 
about an axis (the @ axis) fixed perpendicular both to 
the direction of the incident beam and to the projection 
axis. The @ axis can be translated horizontally and 
vertically in order that the origin of a track may be 
brought into coincidence at a point on the @ axis. See 
Fig. 2. On the table is a protractor to measure the angle 
in the plane of the table. The table is adjusted so that 
¢=0, 6=0 is the direction of the incident beam to 
within the accuracy of alignment of the cloud chamber, 
which is to within a few tenths of a degree. This align- 
ment was checked by study of the process n+p—p 
+p+7-.° All final particles are charged, and the re- 
sultant momentum direction, which is that of the in- 
cident neutron, can be determined. The full angular 
spread of the neutron beam is 0.2°. 

The film was adjusted in the projector by means of 
three fiducial markers located at the bottom of the 
chamber. The images of these markers were adjusted 
by film motion to obtain stereoscopic coincidence at the 
proper height of the table. 

The momentum of a particle was obtained by meas- 
uring the radius of curvature in the plane of the table 
by means of a set of thin plastic sheets scribed with 
radii in steps of 2.5 cm. The radii measured in this 
experiment were in the range 180 to 330 cm and were 
usually measured to the nearest step of 2.5 cm, thereby 
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Fic. 2. Essential geometrical features of the scanning projector. 
6S. C. Wright and R. A. Schluter, Phys. Rev. 95, 639 (1954). 
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giving an accuracy in momentum of about one percent. 
This is the greatest contribution to error in momentum 
measurement. Superposition of these curves on the 
track images makes discernible any single Coulomb 
scatterings of a few tenths of a degree or more. Such 
scatterings might otherwise lead to error in momentum 
measurement. 
The momentum P in Mev/c is given by 


U 


op e° 
coso( 1 --) 
4 


3333 


to second order in 6, where p’ is the radius measured in 
the plane of the table, Hp is the vertical magnetic field 
in gauss, and the correction term arises from the fact 
that although the track is a section of a helix, the table 
is not, in general, exactly in the osculating plane of 
the helix. For 0~ 5 the correction is 0.2 percent. 

The magnetic field is nearly constant throughout the 
usable chamber volume. Correction for its variation in 
the vertical direction has been made in deuteron 
measurement. 


IV. DETECTION OF DEUTERONS 


Deuterons were distinguished from recoil protons by 
momentum and by a method of ionization measure- 
ment, The method and its empirical justification are 
described, followed by a discussion of factors affecting 
track image width, and a summary of conditions which 
it is believed must prevail in order that consistent 
ionization measurements can be made. 

Direct ionization measurement in a high-pressure 
diffusion cloud chamber must rely on gross features of 
track appearance, such as width, because counting of 
individual droplets is not feasible. For example, in 
hydrogen at 25 atmospheres pressure and 220°K a mini- 
mum-ionizing particle produces about 200 ion pairs per 
cm, a 400-Mev proton twice this.” These densities are 
far too large for usual photographic resolution. Further- 
more, densely packed droplets coalesce, so that the 
number of individual droplets is not simply related to 
the number of ions. In a diffusion cloud-chamber super- 
saturation is always present so that ions cannot be 
dispersed by delaying the onset of drop growth. 

In this experiment pictures were scanned in a unit 
magnification projector as described in Sec. III. The 
tracks are nearly normal to the projection axis. A simple 
width-measuring device, two intersecting lines scribed 
on thin transparent plastic [ Fig. 3(a) ], was superposed 
on the track image and adjusted by means of a low- 
power magnifier so that the skew lines enclose an 
interval of three times the apparent track width. This 
criterion avoids obscuring the track edge by the lines, 
as would occur if the device were adjusted to exactly 
track width. The widths range from 0.3 to 0.6 mm. 
Always a particular “eye” of the stereo camera was 
used and portions of a track near to “holes” of local 


7R. H. Frost and C. E. Nielsen, Phys. Rev. 91, 864 (1953). 
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Fic. 3. Apparent track widths W measured at the projector by 
device sketched at (a), vs momentum P. 


vapor depletion were avoided. When widths measured 
in this way are plotted against momentum, the points 
fall into separate groups as shown in Fig. 3. The 
identification of events in the deuteron group was 
checked in every case by comparing the track in ques- 
tion with protons nearby in the same picture. This 
check is easiest if there are present protons of the same 
momentum as the deuteron (and 40 percent the ioniza- 
tion) and protons of half the momentum (and the same 
ionization); however protons between these particular 
limits of momentum are always present and can also 
serve as checks. Such protons ionize less than a deu- 
teron although they have less momentum. Figure 4 
shows a deuteron (a) of momentum 1010 Mev/c (250 
Mev), a proton (b) of the same momentum (437 Mev), 
and a proton (c) of half the momentum (127 Mev). 
It is seen that in ionization (a) and (c) are similar and 
noticeably exceed (b). 

The deuteron group includes several tracks accom- 
panied by electron pairs, resulting from internal con- 
version of a neutral pion gamma ray. These cases are 
identifiable as deuterons by kinematical arguments 
alone, without resort to ionization. 

The validity of width measurements made in this 
way was verified separately by measuring track widths 
on the film with a recording microdensitometer. Every 
second deuteron was so measured, and also a comparable 
number of protons of various momenta, making a total 
of about 100. In Fig. 5 a typical microdensitometer 
trace is shown, and the width is defined as illustrated 
there. Widths measured in this way were consistently 
proportional to widths measured at the projector by 
the method described above and when plotted against 
momentum gave two adequately separated groups of 
points, as shown in Fig. 5, The microdensitometer used 
here is not a means of scanning, but rather an objective 
verification of the measuring technique used in scanning. 

The relation between track width on the film and 
particle momentum depends on many factors, some of 
which are sketched here for the purpose of showing that 
in this experiment the width was mainly of optical 
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Fic. 4, Cloud-chamber picture showing deuteron (a), proton (b) 
of same momentum as deuteron, proton (c) of half that mo- 
mentum, and electron pair (d) from internally converted neutral 
pion. 


origin. At other than extreme relativistic energies the 
initial column of ions is effectively a line, except for 
recognizable delta rays. After formation, the ions 
diffuse at a rate depending on droplet size, which de- 
pends in turn on the rate of droplet growth, and there- 
fore on the local density of vapor within the track 
volume and the rate of inward diffusion of vapor. For 
the cloud chamber used in this experiment the radius 
to which droplets have diffused at the time of pho- 
tography is of the order of a few hundredths of a milli- 
meter, a distance considerably smaller than the meas- 
ured track half-widths. The increase in width is due to 
optical aberrations and film turbidity and granularity. 
This point was checked by photographing under typical 
conditions a very fine wire; the photographic image 
width was found to vary with about the 0.4 power of 
the illumination in the region of widths of interest in 
this experiment. Since the width is observed to vary 
with about the 0.2 power of the rate of ionization, the 
light scattered must vary approximately as the square 
root of the ionization, showing that droplet size does 
indeed depend on the density of ionization. 
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It is clear that obtaining consistent results in meas- 
uring ionization demands that tracks be formed in 
regions of the same supersaturation, that illumination 
be uniform, that the scattering angle of light into the 
camera be the same, that the optical settings of the 
camera be constant, and that the film be developed uni- 
formly. In this experiment the first three conditions 
were approximated by using a well-collimated neutron 
beam thereby confining events to a nearly constant 
height and distance from the light source. Furthermore, 
the rather long interval of 27 seconds between pictures 
allowed full recovery of the chamber and lessened 
fluctuations of vapor density, as did the precautions to 
lessen unwanted background described in Sec. II. 


V. MEASUREMENT OF DEUTERONS 


A chamber picture is conveniently divided into 7 
sections by the images of the clearing grid wires, which 
are at right angles to the neutron beam. In order to 
have sufficient track length for accurate momentum 
measurement only deuterons originating in sections 2, 
3, and 4 (the part of the chamber nearest the entrance 
window) were recorded. As a check on scanning effi- 
ciency, 1400 pictures containing 29 deuterons were 
carefully scanned a second time, and no additional 
deuterons were discovered. 

Each deuteron was found to satisfy the kinematical 
relations displayed in Fig. 6, where Pa and yq are the 
laboratory momentum and angle of the deuteron.*® For 
each incident neutron energy 7, the possible deuteron 
angles and momenta in the laboratory lie on a curve on 
which the center-of-mass angle ¥, of neutral pion 
emission can be marked off as a parameter. In general 
a given laboratory system angle and momentum for 
the deuteron correspond to a particular incident neutron 
energy and center-of-mass angle of pion emission. How- 
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Fic. 5. Track widths W’, measured by means of recording 
microdensitometer, vs momentum. A typical densitometer trace 
is shown with the width W’ defined. 


* Deuterons could conceivably be produced in radiative capture 
of neutrons by protons. The cross section for radiative capture at 
400 Mev is estimated by detail balance from the inverse reaction, 
high-energy photodisintegration of the deuteron, to be about 
10-” cm*. The probability that one such event occurred in this 
experiment is about 1/10. 
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ever in the region of ¥,=30° to 80° curves for various 
T,, overlap, and 7, cannot be determined. Also the pion 
angle is not determined as sharply in this region. For 
these reasons, the center-of-mass angular distribution 
of pions and the excitation function for the reaction 
were found using only pion angles of 90° to 180°, where 
energy and angular resolution is good. 

Each event was plotted on a graph like Fig. 6, and 
the meson angle and incident neutron energy read off. 
The intervals of error are shown by the rectangle in 
Fig. 6. 

A total of 102 deuterons have been plotted in the 
angular distribution, 74 from runs with neutrons pro- 
duced by a beryllium target and for which the neutron 
flux and spectrum have been measured as described in 
Sec. VI, and 28 from a shorter run with similar experi- 
mental arrangement, except that a deuterated paraffin 
target was used for neutron production. 

Of the 102, 50 involve meson production forward in 
the center-of-mass system and 52 backward. This is in 
satisfactory agreement with a distribution symmetric 
about 90° in the center-of-mass system. 

These events in the backward hemisphere, the hemi- 
sphere in which angular and energy resolution is rela- 
tively good, are listed in Table II. Groups A and B are 
deuterons produced by neutrons made in a beryllium 
and a deuterated paraffin target, respectively. 

The angular distribution in intervals of u=cosy, is 
given in Table III. A normalized angular distribution 
of the form F(A ,u) = (A+p?)/(A +4) was fitted to these 
points by the statistically efficient maximum likelihood 


TaBLE IT. Compilation of neutral pion production events used 
in determining angular distribution. The quantity 7, is the 
incident neutron energy and W, the center-of-mass pion angle for 
each event. 
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2 
19 
33 
48 
78 
20 
27 
17 
50 
90 
41 
50 
60 
26 
80 
61 
70 
41 











TABLE III. Number of events in intervals of u, the cosine 
of the center-of-mass pion angle. 
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Fic. 6. Kinematics of pion-deuteron formation in n—p col- 
lisions. The term 7’, is incident neutron energy, ya and Pg are 
laboratory angle and momentum of the deuteron, respectively, 
and wy is the center-of-mass angle of pion emission. The dots 
represent events in run with beryllium target, the triangles events 
in run with deuterated paraffin target. The experimental error of 
these points is given by rectangle. 


method.* Under the assumption that F(A,u) is an 
adequate theoretical description of the reaction, the 
likelihood that a given set of experimental points should 
have occurred is proportional to Q, where 


Q=TI F(Ayu). (2) 


i=] 


In Fig. 7 Q is plotted as a function of the parameter A 
to be determined. The range of A containing 70 percent 
of the area under Q(A) is given by A =0.28_o.144***. 
The average energy of the neutrons making the pions in 
this angular distribution is 392 Mev, corresponding to 
a center-of-mass momentum and energy of the pion of 
130 Mev/c and 53.3 Mev, respectively. Hildebrand? 
studied this reaction in the same beam using counter 
techniques and found A =0.21+0.06. These limits are 
shown in Fig. 7. 

9 N. Arley and R. Buch, Introduction to the Theory of Probability 


and Statistics (John Wiley and Sons, Inc., New York, 1950), 
p. 142. 
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Fic. 7, Maximum likelihood function Q as a function 
of angular distribution parameter A. 


Eight cases of internal conversion of a neutral pion 
were seen, four accompanied by deuterons and four by 
protons. The reactions are 


(A) n+p—d+7'—d+pair+gamma ray. 
(B) n+p-n+p+n—n-+ p+pair+gamma ray. 


An example of reaction (A) is shown in Fig. 4, where (a) 
is the deuteron and (d) is the pair. The rate of internal 
conversion is presumably independent of the mode of 
creation of the neutral pion, since it lives long enough 
to escape its birthplace. The calculated" internal con- 
version coefficient is 0.0063 (per gamma ray) which 
agrees fairly well with the value 0,0080+0,.0016 found 
in observations of neutral pions created in slow 
capture by protons." From the calculated rate of in- 
ternal conversion one would expect one or two rather 
than four conversions in the 102 neutral pions studied 
in this experiment; in fact the probability that four or 
more conversions should occur is about 5 percent. 

The four cases of reaction (B) give a crude estimate 
of the rate of neutral pion creation with unbound final 
nucleons. Using the theoretical internal conversion 
coefficient, one would expect these four cases to be 
accompanied by about 300 unconverted pions with un- 
bound final nucleons, compared to 102 pions with 
bound final nucleons. The unbound reaction appears to 
be favored by a factor of the order of 3. 

It has been pointed out by Serber’ that deuterons 
produced in the reaction p+p—d+-* should be polar- 
ized. Such polarization present in the reaction studied 
in this experiment might be detected by scattering of 
the deuterons in the hydrogen of the chamber. No such 


” R. H. Dalitz, Proc. Phys. Soc. (London) A64, 667 (1951). 
" Lindenfeld, Sachs, and Steinberger, Phys. Rev. 89, 531 
(1953). 
sane in K. Watson and C. Richman, Phys. Rev. 83, 1256 
1). 
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scatterings were observed. If the cross section is geo- 
metrical, the probability of such a scattering in this 
experiment is 4. The scattering of polarized deuterons 
by larger nuclei may show asymmetry, in which case the 
insertion of a plate into the chamber might yield enough 
scatterings to permit study of the polarization. Such a 
plate should have low thermal conductivity in order to 
minimize its effect on chamber operation. 


VI. INCIDENT NEUTRON BEAM MEASUREMENTS 


A sufficient number of neutron recoil protons were 
measured to (1) make statistical errors due to their 
number small compared with that of the deuterons, 
(2) obtain the neutron energy spectrum, and (3) to 
measure the n— p angular distribution for small proton 
angles. That the latter should be in accord with pub- 
lished data on the n—p angular distribution is a check 
on scanning methods. 

While deuterons were measured, as mentioned, in 
regions 2, 3, and 4 of the chamber, protons were meas- 
ured in region 3 only. This procedure gave about 9 
protons measured per deuteron. Scanning criteria were: 
radius of curvature 210 cm or greater (momentum 
2700 Mev/c, energy>235 Mev) and the angles of the 
projector table (Fig. 2) @ and @ each less than 30°. 
Protons from the reaction n+ p—n+p+7°, mentioned 
in Sec. V, very rarely have 235 Mev or more, so they 
introduce negligible error in the n—p scattering meas- 
urement. The time for measurement of one proton was 
4-6 minutes. The relativistic center-of-mass angle of 
the proton and the laboratory energy of the incident 
neutron were determined by means of a computational 
routine requiring about 1} minutes per event. 
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Fic, 8, Energy spectrum of incident neutron beam. 
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The neutron energy spectrum is shown in Fig. 8 and 
is derived from protons with center-of-mass angle less 
than 45°. The small variation of the total scattering 
cross section with energy has been taken into account. 
The energy resolution varies with the quality and 
length of the proton track; in most cases the energy 
half-width is about four percent. This spectrum is 
similar to the spectrum determined by Nedzel'® using 
counter techniques in the same neutron beam. 

In Fig. 9 the relative angular distribution for protons 
in the center-of-mass system is shown in integrated 
form. The ordinate gives the relative number of events 
with scattering angle cosine less than uw. Only protons 
produced by neutrons of energy greater than 365 Mev 
are included, in order that the distribution can be com- 
pared with the results of Hartzler and Siegel in a 
neutron beam with a very similar energy spectrum and 
using a detector with a threshold of about 365 Mev. 
Their results for the relative angular distribution have 
been converted to integrated form, normalized to ours 
by a multiplicative factor, and plotted as a line in 
Fig. 9. The agreement is satisfactory. 


VII. TOTAL DEUTERON CROSS SECTION 


It is expected that the cross section for n+ p—d+1° 
should have at these energies the approximate form: 


a=an’, (3) 


where »=center-of-mass pion momentum in rest-mass 
units. The comparison of this equation with the em- 
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Fic. 9. Comparison of n—p scattering angular distribution 
obtained in this experiment (points with probable errors) with 
results of Hartzler and Siegel (reference 14) (line). The ordinate 
gives the relative number of events aboye a given value of yu, 
where yu is the cosine of the proton angle V> in the center-of-mass 
system. 


3V. A. Nedzel, Phys. Rev. 94, 174 (1954). 
“A. J. Hartzler and R. T. Siegel, Phys. Rev. 93, 928 (1954) 
and 95, 185 (1954). 
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Fic. 10. Comparison of the empirical excitation function in 
n+p—d+r° with 7’. The results are plotted in integrated form 
and therefore are plotted against »‘. The ordinate represents 
Luisa (nai/np). 


pirical excitation determined from a small number of 
events is best done in the following way. Let na and ny; 
be the numbers of deuterons and protons produced in 
some given interval of incident neutron energy. If the 
excitation follows Eq. (3), then the ratio mai/mp; is 
proportional to 7’, where 7; corresponds to the given 
energy interval and it is assumed that the n— p scatter- 
ing cross section varies little over the energy range 
300-450 Mev. The sum of the ratios up to some value 
of » will be proportional to n*. In Fig. 10 this sum is 
plotted against 4‘ and the points are seen to be in 
reasonable agreement with a straight line, showing that 
the experimental variation of yield with energy is 
consistent with Eq. (3). 

We now determine the constant a. The number of na 
of deuterons produced by neutrons in the energy in- 


terval 7 is 
nas=an?L,/C, (4) 


where L;, is the number of neutrons in energy interval i 
passing through the chamber and 1/C is the number of 
scattering centers per cm’. The number ,; of protons 
produced with center-of-mass angle less than 45° by 
neutrons in the same energy interval i is 


Ny. = (S8/K)(L,/C), (5) 


where S is the total n— p scattering cross section and 6 


is given by 
4° dan * don 
=f “aa. / f “dQ. (6) 
0 dQ 0 dQ 


The factor K = 2.84 accounts for the fact that a larger 
section of each picture was scanned for deuterons than 
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Fic, 11. Comparison of two times the total cross section for 
n+p-—+d+7° with the total cross section for p+p—d+2*, as a 
test of charge independence. Points are: 1, Stadler (reference 15); 
2, Fields et al. (reference 17); 3, Durbin ef al. (reference 3); 4, Cart- 
wright et al. (reference 18); 5, Clark et al. (reference 16); 6. Craw- 
ford and Stevenson (reference 20); 7, Schulz (reference 19) 
normalized by Rosenfeld (reference 1) to Crawford and Stevenson 
(reference 20). 


for protons. The total number of deuterons Nz is 
given by 


a 
Na=—K 2 nN pi; (7) 
sé. 


where it is assumed that 6 and S are not strongly varying 
with energy. This experiment, then, determines directly 
a/S6 to be 0.058+-0.0088. 

From the result of Hartzler and Siegel"* the factor 6 
is found to be 0.240+0.010. The error given is deter- 
mined by first maximizing and then by minimizing 6 
within the probable errors of Hartzler and Siegel’s 
points. 

The total n— scattering cross section S has been 
measured by Nedzel" in the same neutron beam used in 
this experiment and is 33.7+ 1.3 mb. Combining S and 6 
with our result, we find 


o(n+p—d+n°) = (0.47+0.08)n' millibarns. (8) 


At 392 Mev, the mean incident energy of events in this 
experiment, the cross section is 0.41+0.07 mb. The 
comparison of Eq. (8) with data on the reaction p+ p— 


SCHLUTER 


d+mn* is made in Fig. 11, in which twice Eq. (8) is 
plotted in order that Eq. (1) may be checked directly. 
The charged pion production results plotted in Fig. 11 
come from the inverse reaction measured by Stadler," 
by Durbin ef al.,? and by Clark ef al.,!* and from the 
direct pion production reaction measured by Field 
et al.,!” Cartwright ef al.,!* by Schulz,’* and by Crawford 
et al. The agreement, within the errors of the experi- 
ments, is a confirmation of Eq. (1) predicted by charge 
independence. 


VIII. CONCLUSION 


With regard to experimental methods, the operation 
of a high-pressure hydrogen diffusion cloud chamber 
under conditions such that the angle, momentum and 
ionization of positive recoils could be measured has 
been described. The conditions permitting consistent 
ionization measurement have been discussed. 

With regard to the reaction n+p—d+7° studied 
here, it was found that the total cross section agrees 
within the accuracy of the experiment with the pre- 
diction of charge independence in the pion-nucleon 
interaction. The angular distribution found agrees with 
the previous measurement? made by an entirely different 
method. Cases of internal conversion of the neutral pion 
give evidence that neutral pion production with un- 
bound final nucleons occurs at a rate comparable to 
that for production with bound final nucleons. 
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Anisotropy of High-Energy Cosmic Rays 
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Review of the evidence indicates that a magnetic field of the order of 10~° gauss probably lies along a 
spiral arm of the galaxy. If so, any anisotropy observed in high-energy cosmic radiation must be associated 
with this field. Anisotropy might be due to: (a) acceleration by Fermi’s mechanism, either by his longitudinal 
collisions or by betatron effects; (b) diffusion along field lines toward a region where the cosmic rays escape 
from the galaxy; (c) inhomogeneities in cosmic-ray density normal to the field lines. From symmetry con- 
siderations theoretical expressions are developed for the cosmic-ray flux as a function of direction 
and for the resulting sidereal time dependence of extensive showers as a function of latitude and the orien- 
tation of the detecting apparatus. If atmospheric effects can be corrected for, the main harmonics predicted 
are the first and second, the second being mainly due to anisotropy produced by acceleration. In the absence 
of detailed calculations based on a specific theory of the origin of cosmic rays and on the way the extensive 
showers are detected, the amplitude of the harmonics must be determined from experiment. Preliminary 
reports of measurements by Cranshaw and Galbraith and by Farley and Storey seem to indicate tentatively 
that the magnetic field is as described above and that cosmic rays are accelerated by Fermi’s mechanism; 


the measurements of Daudin and Daudin require some other explanation. 





I. INTRODUCTION 


T is the purpose of this paper to consider theoretically 
the anisotropy of the cosmic-ray flux and the 
sidereal time dependence to be expected for extensive 
air showers if a galactic magnetic field of about 10-5 
gauss lies along a spiral arm of the galaxy. Some 
variation with sidereal time would be expected in the 
output of any cosmic-ray measuring apparatus that 
rotates with the earth if the cosmic-ray flux here 
depends on its direction with respect to the galaxy. 
It is simplest to try to study this anisotropy by investi- 
gating extensive air showers since they are produced 
by very high-energy primary particles that are not 
affected by the magnetic field of the earth or, it will be 
assumed, by any field confined to the solar system. 
Since the assumed field cannot confine these primary 
particles to a region very small compared to the thick- 
ness of the galaxy, they might be expected to show 
more anisotropy than would lower-energy particles, 
which, however, could be treated in the same way if 
the effects of local fields are allowed for. 

A number of possible causes of anisotropy are well 
known. If cosmic rays travel in straight lines, a distri- 
bution of sources concentrated in the plane of the 
Milky Way or at the center of the galaxy would lead 
to an anisotropic flux. Motion of the solar system with 
respect to the sources' would also produce such an 
effect if the rays travel in straight lines. If cosmic 
rays diffuse through the galaxy by scattering from 
small knots of magnetic field embedded in gas clouds 
and separated by field-free regions, anisotropy would 
be produced by boundary effects.?* However recent 
information on the galactic magnetic field suggests 
that it extends throughout a spiral arm with quite a 

! A. H. Compton and I. A. Getting, Phys. Rev. 47, 817 (1935)-+ 


2G. Cocconi, Phys. Rev. 83, 1193 (1951). 
§ Morrison, Olbert, and Rossi, Phys. Rev. 94, 440 (1954). 


regular structure that must determine the character 
of the anisotropy.‘ If this is the case, observations on 
the sidereal time dependence of extensive showers 
should provide evidence bearing on the local direction 
of the galactic magnetic field and on the way in which 
cosmic rays receive their energy but should provide 
very little evidence concerning the location of the 
original sources of cosmic rays. 

Since this entire treatment assumes the presence of 
a galactic magnetic field, the evidence for it should 
be reviewed. No method has yet been suggested by 
which the material in the galaxy can supply as much 
power to cosmic rays as to starlight, which gets its 
energy from nuclear sources. Since the observed flux 
of cosmic rays is about equal to that of starlight, 
cosmic rays cannot travel in straight lines. They must 
be held in the galaxy for times of the general order of a 
million years. Magnetic fields seem to be required in 
any mechanism that can do this. Once magnetic 
fields are accepted, the argument that Dungey and 
Hoyle® used to try to prove that there is no galactic 
magnetic field can be used to show that the field must 
be at least B=6X10~ gauss. For unless it is this large, 
its energy density, B?/8, will be less than that of the 
cosmic rays, which would then push the magnetic field 
aside and expand until their energy density was smaller 
than that of the field.** The observed polarization 


‘L. Davis, Bull. Am. Phys. Soc. 29, No. 6, 18(A) (1954). 

5 J. W. Dungey and F. Hoyle, Nature 162, 888 (1948). 

% Note added in proof.—Dr. Arnulf Schliiter has pointed out in 
a private communication that this overlooks the influence of 
forces, such as those of gravity, that could prevent the expansion 
of a weaker field through their action on the interstellar gas in 
which the field is embedded. However, it seems significant that 
the forces due to gravitation, cosmic rays, random motions of 
the gas clouds, and magnetic fields all appear to be of the same 
general order of magnitude. Even though no theory yet explains 
this in detail, the point tends to make more plausible the assump- 
tion of a magnetic field strength of the order of 10~* gauss. 
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of starlight suggests*’ that the galactic magnetic field 
is roughly uniform and in the plane of the galaxy, 
perhaps running along a spiral arm. There appears to 
be a root-mean-square deviation of the order of 5° to 
10° in the planes of polarization of neighboring stars.* 
Hence there should be corresponding deviations in 
the direction of the field that must be due to magneto- 
hydrodynamic waves, and this implies** that the field 
is of the order of 10~° gauss. Chandrasekhar and 
Fermi’ show that such a field is required to explain the 
stability of the spiral arms of the galaxy; the lateral 
pressure due to the magnetic field can support the 
gravitational forces attracting the interstellar gas and 
dust towards the axis of the spiral arm whereas kinetic 
pressures are much too low. Fermi’s most successful 
modification” of his theory of the origin of cosmic 
rays uses a magnetic field directed along the spiral 
arms; magneto-hydrodynamic waves in this field 
supplying the energy to the cosmic rays. If such fields 
were formed" by turbulence and a contraction of the 
galaxy from spherical] to disk form in its early history, 
the conductivity is great enough so that they would 
be expected to persist for many billion years. Biermann 
and Schliiter® and Biermann" conclude from a study of 
the turbulent motion of ionized gases in a galaxy of 
the present shape that in a few billion years fields of 
this strength would be formed even if one started with 
no magnetic field. 

These arguments make plausible the assumption of 
a magnetic field of about 10~* gauss running along the 
spiral arms and suggests the investigation of its conse- 
quences, including its effect on the isotropy of cosmic 
rays. The main consequence for cosmic rays is that 
each particle is constrained to spiral around a particular 
line of force, following it wherever it may go with, 
perhaps, occasional reversals of the direction of motion 
along the line of force and with some very slow trans- 
verse diffusion due to inhomogeneities in the field. 
Even a proton whose energy is 10'* ev will move in a 
helix whose maximum radius (when the helix angle is 
90°) in a field of 10~* gauss is 3.5 light years, a small 
distance on a galactic scale. 

For convenience in analysis it will be assumed 
throughout this paper that the magnetic field within 
a few light years of the solar system is uniform but 
is part of a larger field having a somewhat complicated 
structure. On a galactic scale, the magnetic lines of 
force will be assumed in general to lie in a parallel 
bundle that starts from one end of a spiral arm at the 


*L. Davis, Phys. Rev. 81, 890 (1951). 

"L. Davis, Vistas of Astronomy, edited by A. Beer (Pergamon 
Press, London, to be published). 

5G. Stranahan, Astrophys. J. 119, 465 (1954). 

*S. Chandrasekhar and E. Fermi, Astrophys J. 118, 113 (1953). 

” E. Fermi, Astrophys. J. 119, 1 (1954). 

" This possibility was suggested in conversation by F. Hoyle. 

%L, Biermann and A. Schliiter, Phys. Rev. 82, 863 (1951). 

%L. Biermann, in Kosmische Strahlung, edited by W. Heisen- 
berg (Springer-Verlag, Berlin, 1953), second edition, pp. 47-65. 
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rim of the galaxy, follows the arm around several 
turns, connects to another arm near the galactic center, 
spirals out to the rim along this arm, and then spreads 
out to give a very weak dipole field in intergalactic 
space. Observationally, the distribution of stars and 
gas along a spiral arm is far from uniform. Thus, by 
the argument of Chandrasekhar and Fermi,’ at any 
point where the mass density and hence the gravita- 
tional forces drop off a bit, the lateral pressure of the 
magnetic field, and, one might aiso add, of the cosmic 
radiation, will expand the field laterally. The remaining 
dust and gas will tend to slide down the lines of force 
away from this bulge. This further reduces the gravi- 
tational forces there and allows the field to bulge out 
still more. Hence it must always be borne in mind that 
at a number of places along the spiral arm there may 
be leaks where some of the lines of force escape into 
intergalactic space. Assume that the sun is not in such 
a region. Even in the most nearly uniform regions the 
magnetic field strength should decrease as one moves 
out from the axis of the spiral arm. Only then is there 
a gradient in the pressure of the magnetic field to 
support the gravitational forces. Superposed on this 
static field are magneto-hydrodynamic oscillations 
covering an extensive spectrum of wavelengths. For 
waves in which regions having dimensions of a few 
light years move in phase, the root-mean-square 
deviation of the lines of force appears to be* of the 
order of 0.1 radian. Although ordinary turbulence is 
suppressed by the strong magnetic field and the conduc- 
tivity of the gas, waves should be generated by the 
hydrodynamic forces that ordinarily would generate 
turbulence from the nonrigid rotation of the galaxy. 
These waves may be thought of as transient inhomo- 
geneities of all sizes superposed on the nearly uniform 
static field. The magnetic fields of the earth and sun 
will be disregarded because of the very high energies of 
the primary cosmic-ray particles considered. 


II. CAUSES OF ANISOTROPY 


The isotropy in the cosmic-ray flux depends both 
on the structure of the galactic magnetic field and on 
the origin assumed for the cosmic rays. A widely 
accepted theory of their origin holds that by some 
electromagnetic process involving varying magnetic 
fields large amounts of energy are given to ions, prob- 
ably in the neighborhood of stars, but possibly in 
particularly turbulent and strongly magnetized gas 
clouds. There are then two possibilities. The first is 
that this initial process supplies substantially all the 
energy that the particles ever get and that their 
subsequent history is a slow diffusion out of the galaxy. 
The large number of heavy primaries shows that 
collisions with gas atoms are unimportant. The second 
possibility is that the initial process gives only an 
energy of the general order of a Bev per nucleon, and 
that further energy is supplied over periods of millions 
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of years by interactions with the galactic magnetic 
field as suggested by Fermi.” He considered inter- 
actions in which the particle is reflected from a moving 
inhomogeneity in the magnetic field in a way that adds 
momentum along the magnetic field only. This should 
tend to make an anisotropic distribution of cosmic 
ray flux with greater intensity along the field lines 
than at right angles to them. “reer acceleration 
could be due to “betatron collisions’’,"* i.e., to passage 
through regions where the magnetic field varies with 
time. The principal advantages of the betatron mecha- 
nism are that it seems easier to add energy at a high 
rate and that there is not the difficulty found in Fermi’s 
mechanism where, when a particle gains some energy, 
it is difficult to gain more because it escapes from his 
“trap.”’ Although the betatron mechanism initially adds 
momentum normal to the field, this is converted into 
momentum added parallel to the field when the particles 
spiral along the lines of force from the region where the 
field is increasing with time to a region where the field 
has its average value. 

Further anisotropy will be introduced by the acceler- 
ation process if the probability of escape from the 
system depends on the steepness of the spirals in a 
different way than does the probability of acceleration. 
Now the steeper the helices, the more rapidly particles 
diffuse away along the lines of force, while the flatter 
the helices, the more easily a particle is accelerated 
both by Fermi’s collision process and by the betatron 
process. Hence if these processes are important in 
supplying energy to cosmic rays, there is a tendency 
for the flux of particles in a given energy range to be 
greater normal to the field than parallel to it. Whether 
acceleration produces an anisotropy of this character 
or one of the opposite character as described in the 
previous paragraph depends on which tendency domi- 
nates. With either accelerating mechanism, inhomo- 
geneities in the magnetic field whose scale is less than 
the radius of the helix tend to make the flux more nearly 
isotropic by scattering particles from one helix into 
another of different helix angle or pitch. 

There are additional sources of anisotropy that 
apply both to such accelerating mechanisms and to the 
case in which the initial process supplies all the energy. 
If the particles diffuse along the lines of force out of 
the galaxy either at the end of a spiral arm or at a 
region of low mass density where there is a bulge in 
the field, there will be a net flux along the field lines 
towards the nearest point of escape. Scattering by 
inhomogeneities and the collisions described by Fermi 
will contribute to the flux in the opposite direction. 


4L. Davis, Phys. Rev. 93, 947 (1954). 

“ The author is indebted to Dr. Schliiter for pointing out 
that, as a consequence of the theorem that the magnetic moment 
of a ‘charged particle in a magnetic field 1s an adiabatic invariant 
for changes in the field both with time and with position, the 
betatron mechanism has the same effect on the isotropy as Fermi’s 
collision mechanism. 
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Apparatus should detect a minimum flux when directed 
along the lines of force in a direction leading to the 
nearest escape point; it should detect an intermediate 
flux for directions at right angles to the lines of force; 
and should detect the maximum flux when directed 
along the lines of force away from the nearest escape 
point. 

A further source of anisotropy is the fact that the 
cosmic-ray energy density should decrease, together 
with the magnetic field strength as described above, 
as one moves out from the axis of a spiral arm of the 
galaxy. This could be due to a decrease in the rate of 
acceleration of cosmic rays by Fermi’s mechanism as 
the field strength decreases. It could be contributed to 
by diffusion normal to the lines of force caused by 
inhomogeneities in the field. Since particles would 
escape into nearly field free intergalactic space at the 
surface of the spiral arm, the density would decrease 
from the center out. The very high-energy particles 
with large radii of curvature should be more inhomo- 
geneous than lower-energy particles. In the absence of 
all other reasons for a decrease in cosmic-ray density, 
the decrease in magnetic field strength will require it, 
since as soon as the source of cosmic rays builds up 
their energy density in a region to the point where the 
force they exert on the field is greater than that of 
gravity on the interstellar gas, the magnetic field will 
be pushed outward. This decreases the density of 
particles and decreases the energy of each one by the 
betatron effect. If for any of these reasons there is a 
variation in cosmic-ray density as one moves in a plane 
normal to the lines of force, there will be a corresponding 
anisotropy observed in the cosmic-ray flux. The flux 
observed along the lines of force and in the directions 
in which the density changes most rapidly will have an 
intermediate value. The maximum and minimum 
fluxes, as shown in Fig. 1, will be measured along the 
line orthogonal to both these directions. 


MAXIMUM COSMIC RAY DENSITY 


MINIMUM COSMIC RAY DENSITY 


Fic. 1. Anisotropy in flux due to inhomogeneity in density. 
The circles are projections on the xy plane of helices; their widths 
indicate the number of particles involved. The straight arrows 
indicate the flux in the different directions. 
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Ill. DESCRIPTION OF THE ANISOTROPY 


The anisotropy produced in these various ways will 
now be described analytically. Introduce Cartesian 
coordinates with origin at the point of interest, for 
us the solar system. Take Oz along B, the direction of 
the locally uniform magnetic field, and Oy in the direc- 
tion in which the cosmic ray density increases most 
rapidly. Each particle describes a helix about a line 
parallel to Oz. Six quantities are required to com- 
pletely specify the motion of a particle. Let them be 
R, B, ¥, %a, ya, ta; where, as shown in Fig. 2, x4, ya 
are the coordinates of the point A at which the axis of 
the helix intersects the xy plane, 6 is the constant angle, 
called the helix angle, between B and the tangent to 
the trajectory, Rsin8 is the radius of the cylinder 
on which the helix is wound, y—}z is the azimuthal 
angle of the line from A to the point P at which the 
trajectory intersects the xy plane, and ¢, is the time 
at which the particle in question crosses the plane. 
Thus R, which is the radius of the circle in which the 
particle moves when B= 90°, fixes the kinetic energy E 
of a particle of given charge and rest mass. If one 
measures the flux of cosmic radiation as a function of 
direction, 8 and y are the polar and azimuthal angles, 
respectively, of the axis of the narrow cone within 
which the apparatus receives the particles. They locate 
—v, where v is the velocity of the particle. 

A complete description of the cosmic-ray flux is 
given by defining 


N(R,BW,x4,ya,ta) sinB cosBdRdBdydxadyadt, (1) 


to be the number of particles with parameters in the 
indicated range, dt, being taken large enough so that 
N can be regarded as a continuous function. The 
trigonometric factors are chosen to make N a constant 
in the homogeneous isotropic case. In the steady state 








Fic. 2. Parameters used to describe a helical trajectory, P’P, 
shown wound on a cylinder with axis A’A and radius R sin. 
ni is tangent to the trajectory and is located by the angles 6 
and y. 
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N is not a function of t4. The axes were oriented so that 
N is not a function of x4. Strictly this might be im- 
possible for more than one energy ; assume it is possible 
for all energies of interest, Assume that N is independent 
of y; this is equivalent to the assumption that there 
would be no periodic variation if O were displaced 
along B. Finally, require that P fall on O so that 


ya=R sinB cosy. 
Thus NV(R,8,y4) can be expanded in the series 


N(R,B,y4) = Zbin(R)ya*Pp(cosp) 
=Zbin(R)R* (sing cosp)*P,,(cosp), 


(2) 


(3) 


where P, is the usual Legendre polynomial. 

The analysis is started with a definition of N since 
it is what will be determined by any theory of the 
accelerating process and of the interactions with the 
inhomogeneities in the galactic magnetic field. How- 
ever, the quantity of experimental interest is the value 
at the position O and the time ¢ of F(E,6,),t)dE, the 
number of particles in the energy range dE received 
per unit time, solid angle, and area normal to the beam 
in a narrow cone whose axis is directed along B,y. The 
connection between F and a completely general NV 
may be found to be 


F(E,BW,1) 


= (dR/dE)N(R,BwW,—R sin siny,R sin cosy,t), (4) 


either by evaluation of the Jacobian of the coordinate 
transformation or by consideration of the geometrical 
factors involved. The factor dR/dE in (4) allows for 
the change from R to E. The factor sinBdSdy in (1) 
measures the solid angle, and the factor cos§ in (1) 
allows for the fact that for F area is taken normal to 
the beam while for N it is taken in the xy plane. For 
an N which, as discussed above, depends only on its 
first, second, and fifth arguments and which can be 
expanded in the series (3), F is easily expressed in a 
similar series. If only low-order terms need be con- 
sidered at present, the series can be written 


F(E,B,~) =P (E)[1+ Ap cos8 


— (4/3)A4P2(cos8)+Ar sinB cosy], (5) 


where 


P(E) =(dR/dE)bo, Ap=bo1/boo, 


(6) 


Throughout the rest of this paper all terms arising 
from those given in (5) will be retained but all higher- 
order terms omitted in (5) will be ignored. No attempt 
will be made here to deduce theoretical values of the 
A’s; they will be regarded as parameters to be deter- 
mined by experiment. 

The new coefficients, which are evidently functions 
of E, are defined as in (6) in order to have simple 
physical meanings. The identification of the terms in 
the series with the different sources of anisotropy is 


Aa=- 3bo2/4bo0, Ar= Rbyo/ boo. 
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easily made from the symmetry properties of each. F 
is essentially the mean cosmic ray flux averaged over 
all directions. [To make this hold precisely when 
more terms in the series are used, one must replace 
(y4/R)* in (3) by Ty,(sin8 cosy), where 7; is the 
Tschebyscheff polynomial of the first kind.'*] The 
term in A, gives the main contribution to the anisotropy 
resulting from an acceleration uniformly distributed 
throughout the spiral arms of the galaxy. The sign is 
so chosen that A, is positive if the likelihood of greater 
acceleration from the flatter helices is more important 
than the increase in steepness produced by acceleration. 
In the reverse case, A, is negative. The term in Ap 
gives the main contribution to the anisotropy result- 
ing from any net diffusion along a line of force. The 
coefficient Ap will be positive when the Oz axis from 
which 8 is measured is directed toward the region 
where most of the cosmic rays originate and away from 
the nearest region where they escape from the galaxy. 
The term A; gives the main contribution of any in- 
homogeneity in the cosmic ray density; its coefficient 
is positive for particles having a positive charge if Oz 
is directed along B and Oy along the direction in which 
the density increases most rapidly. In each case the 
numerical factor is so chosen that 2A is the maximum 
possible variation with direction in F/F due to the 
term in question. 

If observation yields values of these coefficients, it 
will be important to know to what extent each coeff- 
cient arises solely from the indicated mechanism. 
Terms having the symmetry of those in Ap and A; can 
arise from the acceleration mechanism only if there is 
some inhomogeneity, such as a limited region of 
vigorous acceleration, and in this case interpretation 
of Ap and A, as due to diffusion and inhomogeneity is 
still justified. Diffusion will tend to produce mostly odd 
harmonics; hence it would not be expected to con- 
tribute much to the coefficient of P2(cos@). If the 
density of cosmic rays varies reasonably smoothly over 
distances of the order of the radius of a spiral arm, one 
might expect that in (3) quadratic terms in y4 would 
be less important than linear terms until R approached 
the radius of the spiral arm. Thus neither diffusion nor 
inhomogeneity should produce terms having the 
symmetry of Ps, and if such terms are found, they must 
be due to acceleration. Diffusion contributes terms in 
P,,(cos§), i.e., in powers of the cosine of the angle 
between the axis of the detecting apparatus and B. 
Inhomogeneity contributes terms in (sin8 cosp)*; i.e., 
in powers of the cosine of the angle between the axis 
of the detecting apparatus and e7, a transverse unit 
vector along Ox that may be defined independently of 
coordinate systems as being in the direction of 
(grad N)XB for positive particles. Thus it seems 
impossible to distinguish observationally between 


6W, M 
Mathematic 


us and F. Oberhettinger, Special Functions of 
Physics (Chelsea, New York, 1949), p. 78. 


NORTH POLE 


Fic. 3. The celestial sphere seen from the outside. O is the center 
of the earth, OL is in the direction of the radius vector to the 
laboratory, OB is the direction of B, OC is the direction of the 
axis of the apparatus, and y is the vernal equinox. As the earth 
— y and B remain fixed, C, L, and Z move together to the 
right. 


anisotropy due to diffusion along the lines of force and 
that due to inhomogeneity at right angles to the lines 
unless one has some other means of determining the 
direction of B or of er. Of course, from one point of 
view there is very little difference between the two 
sources of anisotropy since a difference in cosmic-ray 
energy density will be associated with each of them. 


IV. SIDEREAL TIME DEPENDENCE 


This anisotropy in cosmic ray flux means that any 
apparatus that rotates with the earth will have an 
output that varies with sidereal time provided adequate 
corrections for atmospheric effects can be made and 
provided sufficient data are available to make the 
statistical fluctuations small enough. To connect the 
above description of the anisotropy with expressions 
for the output of the apparatus it is necessary to use 
the usual astronomical coordinate systems as shown 
in Fig. 3. Let ag and 5g be the right ascension and 
declination, respectively, of B and let ar and dr be 
those of er. Let ec, the axis of the narrow cone in which 
the detecting apparatus measures the flux of incoming 
cosmic rays, be located by fe and d¢, the local hour 
angle and declination, respectively. The averaging 
procedures to be used when the cone is not narrow will 
be considered below. In terms of the more convenient 
zenith angle z, (angle from the vertical to e¢) and 
azimuth, A, (measured eastward from the northern 
horizon), tc and é¢ are given by 


sind¢ = sing cosz+-cosg sinz cosA, 


cosé¢ Coste = cosy cosz— sing sinz cosA, 


cosé¢ sintg = — sing sinA, 
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where g is the latitude of the observer. For vertical 
observation, z=0, c=, and tc may be taken to be 
zero. It may be seen from Fig. 3 that, in general, 


cosf = sinég sindc+coség coséc cos(9@—azg—tc), (8) 
where @ is the loca] sidereal time. In a corresponding way 


sin8 cosy =ec-er 
=sindr sindc+cosér cosbc cos(0—ar—tc). (9) 


When these are put into (5), the result can be simpli- 
fied to give the observed flux as a function of local 
sidereal time. 


F(E,0) = P(E){1—3A,4(sin’g—4)(sin*%6c—}) 
+ (Ar sindr+ Ap sind,) sindc 
— A,[sin26, sin25¢ cos(@—azp—tc) 
+c0s*bg cos*bc¢ cos2(0—az—tc) | 
+ Ap cosdz cosdc cos(0—ag—tc) 
+A; cosér cosdc cos(@—ar—tc)}. (10) 


In general, what is observed is the cosmic-ray flux 
in a wide cone and a wide energy range. Accordingly 
the flux at the top of the atmosphere given by (10) 
must be multiplied by S(£,2,4A), which can be regarded 
as the effective area of response to primaries of energy 
E coming from a direction defined by 2, A, and the 
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result integrated over A, z, and E. Since this effective 
area depends in a complicated way on the geometry 
of the experimental apparatus, its depth in the atmos- 
phere, and the structure of the shower produced by 
the primary particle, only a partial treatment will be 
attempted. Assume that the apparatus detects coin- 
cidences in an array of some kind of counters in a 
horizontal plane. Suppose it to have a horizontal 
axis of symmetry whose azimuth measured eastward 
from north is As. Then since rotation of the apparatus 
through 180° about a vertical axis should not change 


the counting rate, the effective area is of the form 
S(E,2,A)=>S,(E,z) cos2n(A—As). (11) 


The predicted mean rate of response when statistical 
fluctuations are averaged out is therefore 


(6) = f f f S(E,z,A)F(E,9) sinzdAdzdE. (12) 


Substitute (11), (10), and (7) in (12), introduce the 


abbreviation 
M,,(E,2) = 2S,(E,2)F(E) sinz, (13) 


and evaluate the integrals over A to get 


0)= f fuci+(a sindg+A, sind) sing cosz— 3A 4 (sin g— })(1—} sin’z) (sin?g— 4) |dzdF 





ff ata. (i—§ sn) ded [sin2ip sin2¢ cos(@—az)+cosz cos*y cos2(0—az) | 


+ | J ator cose | Coség Cose cos(0—a»)+| f fata cons | cosér cosy cos(6—ar) 


1 
+| f fara. sna (3 sin’%6g—1) cos*g cos2A s+sin26z sin2¢ cos2A g cos(6—az) 
4 


—cos% g(1+sin’y) cos2A 5 cos2(0@—ag)+2 sin25z cosy sin2A s sin(@—az) 


It is of interest to note that only the first two terms of 
(11) affect the result, and that the only second har- 
monics are those due to A4. Even when the counters lie 
on a single straight line, no second harmonics are 
introduced by Ap or Ay. 

The above treatment omits one factor that could be 
important. S(£,z,A) depends on solar time because of 
variations in the state of the atmosphere. It is well 
known that if the corrections for this are not adequate, 
S will also have first and second harmonics on sidereal 
time, even when averaged over a year. This is because 
of seasonal effects. Hence observation of first and 
second harmonics on sidereal time of the cosmic-ray 


— 2 cos*6z sing sin2A 5 sin2(@—ag) ]. (14) 





flux implies anisotropy only if the corrections for 
atmospheric effects are known to be adequate or if a 
differential method of observing is used that cancels 


out atmospheric effects. 


V. INTERPRETATION OF OBSERVATIONS 


There are several types of observations that can be 
made to test this theory and perhaps to obtain informa- 
tion on the galactic magnetic field and the origin of 
cosmic rays. One procedure is to determine the first 
and second harmonics on sidereal time of the flux of 
nearly vertical extensive showers, correcting for 
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atmospheric effects, which have periods of a solar day 
and a year. If this is done with identical apparatus at 
different latitudes so that the dependence on ¢ can 
be used to partially disentangle the terms in (14), it is 
possible in principle to determine the values of az, dz, 
an integral involving A,, and two integrals involving 
the remaining quantities. Variation of the range of z, 
the zenith angle, over which the apparatus responded 
might be helpful. From shower theory one could get 
S(E,2,A) and by examination of the integrals, one 
might get some estimate of the A’s. 

A second procedure, that would largely eliminate 
the need for corrections for atmospheric effects, would 
be to make simultaneous continuous measurements of 
the flux in two or three narrow cones for which z was 
the same but for which dc, as given by (7), had quite 
different values. A particularly simple case would 
be that in which g=z=45°, 5c=0, 45°, and 90°. In 
principle, measurement of the constant term and the 
first and second harmonics on sidereal time of the flux 
differences for three values of 5¢ would determine 
Aa, ap, 5g, and three combinations of the other terms 
from which it is not quite possible to determine Ap, Az, 
ar, and 67. Observations in more directions or at more 
latitudes do not provide new algebraic equations; 
they just improve the statistical accuracy of the infor- 
mation obtained from three directions. When it is 
stated here that A, is determined, it is meant of course 
that an integral over E of Aa times S(E£,z,A) as given 
by shower theory is determined. The above-mentioned 
constant terms alone, that is, the differences in the 
average values of the fluxes for three directions, would 
give the values of Ax(sin%g—}) and (Ap sind, 
+ Ap siné;), information that would be very significant 
if it were not that sin’%ég is expected to be about }. 

A third procedure that would give data at a more 
rapid rate than the second and that might be less 
difficult to carry out would be to detect extensive 
showers for all azimuths and over as wide a range of z 
as possible, preferably at mountain top elevations 
where oblique showers are more common, and to record 
the direction of each shower either with cloud chambers, 
by accurate timing measurements, or perhaps by 
other means. 

Sufficient experimental data do not seem to be 
available for any of these methods to be used at present. 
The procedure that will now be followed is to take the 
few astronomical hints available and estimate the 
directions of B and er. By using this as a working 
hypothesis, to be modified or discarded if the results 
are unsatisfactory, Eqs. (10) and (14) will be tested 
for consistency with the available observational results. 

As discussed in Sec. I, the galactic magnetic field is 
likely to run along the spiral arms of the galaxy with 
local deviations of perhaps 5° or 10°. Astronomical 
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evidence" indicates that the sun is within a spiral arm, 
but not on its axis, and that in our neighborhood this 
spiral arm runs in a direction whose galactic coordinates 
are 1=40°, b=0° and hence"? whose right ascension 
and declination are 


ag=20hr, 52=35°. (15) 
Following the spiral arm in this direction leads towards 
the center of the galaxy. This estimate of the direction 
of B is corrobroated by the observation"* that near this 
direction not many stars show interstellar polarization, 
and those that are polarized have essentially random 
planes of vibration as would be expected’ if one looked 
along the lines of force and observed the component 
of B normal to the line of sight due to small waves in B. 
Although the spiral arm has considerable structure if 
one looks at stars and dust, it may not have as much 
structure if one looks at B and cosmic rays. Assuming 
this, one can make a very tentative statement as to the 
direction of er. Assume that the spiral arm is roughly 
elliptical in cross section, with major axis extending 
3000 light years in the galactic plane and minor axis 
1000 light years normal to this plane. The sun is, say, 
50 light years north (on the side of the north galactic 
pole) of the plane and 1000 light years from the axis 
of the spiral arm. One might therefore expect that er 
would be tangent at the sun to an ellipse whose plane 
is normal to the axis of the spiral arm and which is 
similar to the cross section of the arm. Thus it should 
be within about 10° of the direction 6=90°, which is 
the same as 

b7= 28°. 


ar= 12.3 hr, (16) 


Since nothing is known as to the sense of B, er is just 
as likely to have the opposite direction, which is 


br= — 28°. 


ar=0.3 hr, (17) 


Without a knowledge of the A(£)’s and of S(R,z,A) 
it is impossible to evaluate the integrals in (14). How- 
ever, a reasonable estimate for comparison with experi- 
ment can be obtained by assuming that S is zero 
except for z near zero and that SA is zero except in a 
narrow band of energy. Then the relative amplitudes 
and the phases of the various harmonics can be pre- 
dicted with the results shown in the bottom half of 
Table I, where it must be remembered that the A’s 
may depend on E. These results can be compared 
with the experimental results—shown in the top half 
of the table—obtained by Cranshaw and Galbraith'® 


46 The structure described here is an idealized model mainly 
based on information supplied by Professors Guido Mtinch and 
J. L. Greenstein. Any errors made in the interpretation of the 
information they supplied seems likely to be less important than 
the other uncertainties involved. 

‘7 Landolt-Bornstein, Zahlenwerte und Funktionen (Springer, 
Berlin, 1952), sixth edition, Vol. 3. 

'®W. Hiltner, Astrophys. J. 114, 241 (1951), Fig. 7b. 

* T. E. Cranshaw and W. Galbraith (to be published). 
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Taste I. Comparison of experimental and theoretical variations in the rate of extensive air showers, expressed as Fourier series with 
fundamental! period one sidereal day. The theoretical values are based on (15) and (16). 








Location Harwell4 
Latitude, ¢ 52° 
Harmonic ist 2nd 


Pic du Midi* Aukland! 
43° —37° 
ist 2nd 2nd 





Experimental results 


Energy of primary (ev) 
Amplitude (%) 
Time of maximum (hr)* 


5X 10'* 
4.941,5* 3.541.5 
10.5413 4.5+1.0 


Theoretical results 
Effects of acceleration 
Amplitude (%) 
Time of maximum (hr) 
Effects of diffusion 
Amplitude (%) 
Time of maximum (hr) 
Effects of inhomogeneity 
Amplitude (%) 
Time of maximum (hr) 


0.9144 0.2544 
8 P 4 


Absent 


0.514p 
20 


0.544; Absent 
12 


6X 10" 10" 
1.5+0.75 Present 1.43+0.38> 0.41+0.25» 
21.0 17.6+1.0 2.0 42.3 


0.90A4 
20 


0.60Ap 0.65Ap 
20 20 


0.654, 0.70A; 
12 12 


0.94A4 0.4344 
8 2 
Absent 


Absent 








* All errors given are standard deviations. 


> The secon 


harmonic does not appear to have been corrected for a seasonal effect that changed the first harmonic from an amplitude of (1.10 +0.26) 


percent with maximum at (19.8+0.9) hr to the values given. The method of correction used seems to be an analytically convenient development of the 


procedure of J. L. 


Thompson, Phys. Rev. 55, 11 (1939). Its basic assumption is that there is no annual variation in the phase of the diurnal component 


on solar time of the atmospheric effect. This assumption is known to be false for barometric pressure and hence presumably is false for other atmospheric 
effects. However, if no other correction for such effects is made, this correction appears to be desirable since the seasonal variation in their phase is probably 
less important than the variation in amplitude. The residual error seems likely to be of the same order of magnitude as the correction. 


* All times are local sidereal time. 
reference 19 

* See reference 20. 

' See reference 21. 


at Harwell, by Daudin and Daudin™ at Pic du Midi, 
and by Farley and Storey” at Auckland. The energies 
listed are the approximate energies of the primaries 
that produce most of the showers recorded. Similar 
results, but with lower statistical significance, are 
obtained at neighboring energies by Cranshaw and 
Galbraith and by Daudin and Daudin. It is at once 
apparent that the standard deviations in the experi- 
mental results are small enough so that they must be 
taken seriously, but are not quite small enough, 
particularly if one considers the uncertainties introduced 
by the atmospheric diurnal effects, to make a conclusive 
test of the theory. The results of Cranshaw and Gal- 
braith and those of Farley and Storey could be explained 
as due exclusively to acceleration with 44>0 which 
implies that the preferential acceleration from the 
flatter helices dominates. They could also be explained 
as a mixture of roughly equal parts of acceleration and 
diffusion since this would augment the first harmonic 
relative to the second in the Southern Hemisphere and 
decrease it in the Northern. Unless the A’s vary strongly 
with energy, there seems to be no way to explain 
simultaneously the three sets of experimental results, 
mainly because the phases obtained at Harwell seem 
inconsistent with those from Pic du Midi. The results of 
Daudin and Daudin taken together with those of Farley 
and Storey would imply that the dominant effect is that 
of diffusion if it were not that then the second har- 


A. Daudin and J. Daudin, Proceedings of the Bagneres-de 
Bigorre Conference, uly, 1953 (unpublished). 

FJ. M. Farley ned R. Storey, Nature 173, 445 (1954) ; also 
(private communication 


monics are hard to explain. Of course they could be 
due to atmospheric effects or to large even spherical 
harmonics produced by diffusion. It will be noted that 
if the direction of er is given by (16), the resulting 
phases in the last row of the table agree rather poorly 
with the observations. If the direction is given by 
(17), the amplitudes are unchanged but the times of 
maximum are advanced 12 hr, which does not improve 
the agreement. If the increased pitch on acceleration 
dominates the production of anisotropy, i.e., if A, <0, 
and if ag were 8 hr rather than the value given in (15), 
the only change in the table would be that the second 
harmonics would have their maxima at 8 hr and 20 hr 
local sideral time. Since the observations seem to 
indicate that it is the minima rather than the maxima 
of the two harmonics that coincide, and since this is an 
astronomically implausible direction for B, it appears 
unlikely that A, <0. 

It appears, therefore, that until the statistical 
effects in the observational data are further reduced, 
until corrections for atmospheric effects are known 
with considerable assurance, and until the allowances 
to be made for the variation in the energy selected at 
the different laboratories are settled, it will be difficult 
to decide with confidence whether or not the theory 
described above fits the observations and to determine 
which factors dominate in the production of anisotropy. 
If it were not for the results of Daudin and Daudin, 
one would say that at present the observations tend to 
support the above theory and to favor the assumption 
that the dominant term is a positive A4, or perhaps 
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an equal mixture of A, and Ap. If this is the case, it can 
be regarded as evidence favoring a relatively uniform 
galactic magnetic field directed along a spiral arm of 
the galaxy. The field strength could not be an order of 
magnitude less than 10~° gauss or there would be more 
anisotropy in the highest energy particles observed 
by Cranshaw and Galbraith. It is also implied then 
that cosmic rays are accelerated by the Fermi mech- 
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anism rather than exclusively by processes taking place 
at the original ion sources. 

The author is very grateful to Professor J. L. Green- 
stein and Professor Guido Miinch for most helpful 
discussions and to Dr. W. Galbraith and Dr. F. J. M. 
Farley for information sent in advance of publication 
and for their comments on a preliminary version of 
this theory. 
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Age-Dependent Branching Stochastic Processes in Cascade Theory* 
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A brief introduction to the recent Bellman-Harris theory of branching stochastic processes is given in the 
nomenclature of cascade theory; and a simple model in cascade theory formulated as an age-dependent 


branching process is given. 


INTRODUCTION 


HE theory of branching stochastic processes has 
been used on many occasions in the development 
of mathematical models of cascade phenomena (e.g., 
cosmic-ray showers, neutron multiplication, etc.).'~® 
Recently Bellman and Harris’ have developed a theory 
of age-dependent branching processes which appears to 
have important applications in the physical and bio- 
logical sciences. The purpose of this communication is 
twofold: first, to give a brief introduction to the 
Bellman-Harris theory in the nomenclature of cascade 
theory; and second, to present a simple model for the 
electron population of a cosmic-ray shower. The model 
considered is a modification of the Furry process. 

In the Bellman-Harris theory the distance or thick- 
ness, say 7, travelled by a particle (electron, neutron, 
etc.) from its formation until it is transformed is 
a random variable with general distribution G(r), 
0<r<~;i.e., G(r) is the integral distribution for all 
paths of length less than or equal to r. At the end of its 
path of travel the particle is transformed into n particles 
with probabilities g,, »=0, 1, ---, each particle having 
the same distribution G(r) for the distance it will travel 
before being transformed. For example, qo is the proba- 


* Work sponsored by the Office of Scientific Research of the Air 
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bility of absorption, q; is the probability that one new 
particle will be formed, the original one being absorbed, 
gz is the probability that two new particles will be 
formed (the original one being absorbed), etc. The 
random variable + measures the distance to the next 
point of regeneration. We remark that the age-depend- 
ence is only for the total cross section, the branching 
ratio being age-independent. 

The Bellman-Harris process is formulated as follows: 
Let X(t) be an integer-valued random variable repre- 
senting the number of particles at thickness ¢; and define 
p(x,t) = Pr(X(t) =x), x20. Let 


r(si)=¥ plas, |s| <1 (1) 


be the generating function for the probabilities p(x,/) 
starting with one particle at thickness zero. [a(s,t) ]" is 
the generating function if the process starts with n>1 
particles at thickness zero. In treating both cases the 
assumption is made that the particles do not interact 
with one another. The generating function (1) has been 
shown to satisfy the nonlinear Stieltjes functional 
equation 


ris)= f h{r(s, t—r) }dG(r)+s[1—G(d)], (2) 


where 


h(s)= Lo gas”, 
n=) 


(3) 


that is, 4(s) is the generating function for the trans- 
formation probabilities g,. The equation for the gener- 
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ating function can be derived as follows. By definition, 


p(x) = Pr(X()=2)= f Pr(X (1) =2|r)dG(*), 


where Pr(X (t)=x| 1) is the probability of x particles at 
thickness ¢ from a single particle at thickness zero which 
is known to have branched at t= 7. Now 


Pr(X(t) =| 1) 


eFet T pMult)---daeH>)), 
nw 


frtes bigee 
where the term in braces is the coefficient of s* in the 
expansion of 


(x p(x, t—r)s* ]"=9"(s, t—7). 


(The reasoning used above is the same as that used in 
the theory of compound probability distributions.) 
Multiplying p(x,t) by s? and summing over x we obtain, 
after adding the term for p(1,))=1—G(d), Eq. (2). If 
G(t) has a density function g(r) of bounded total 
variation, we can write (2) as 


r(s,)= f Win(s, tr) le(x)dr+s[1—-G()]. 


Differentiation of (2) with respect to s yields intergal 
equations of the renewal type for the moments of X(#), 
the properties of which can be studied using well-known 
methods,* For example, the expected value of X(¢) is 


EX()=m()=K f m(t—r)g(r)dr+1—G(i), (4) 


In a forthcoming publication we plan to treat models 
of cascade phenomena which involve more than one 
type of particle, and in which energy considerations are 
taken into account. We plan also to discuss the diffusion 
equations associated with age-dependent branching 
processes and their physical applications. 


where 


AN AGE-DEPENDENT MODEL 


Consider a single particle of the soft component of 
cosmic radiation falling on a material slab (e.g., lead). 
and its effect being multiplied to form a cascade shower, 
The model we consider assumes (i) G(t)=1—e~™, and 
(ii) A(s) = go+qis+gas*. With G(é) thus defined the state 
of the cascade at any thickness ¢ depends only upon the 
number of particles at that thickness and is independent 


*W. Feller, Ann. Math. Stat. 12, 243 (1941). 
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of their previous paths; hence, the stochastic process we 
consider is a Markov process with an enumerable 
number of states. If we disregard the photons in the 
electron-photon cascade the probability that an electron 
will be transformed between ¢ and (+41 is dt+o(48), 
where is defined as the birth constant or birth-rate. 
From the definition of h(s), (ii) states that an electron 
after travelling a distance of random length 7 has 
probability go of being absorbed, probability g: of being 
absorbed and producing one new electron, and proba- 
bility g2 of being absorbed and producing two new 
electrons. Each new electron then has probability G(r) 
of travelling a distance r before being transformed 
again. 

The generating function in this case satisfies the 
equation, 


r(s,t)= > gnm"(s,t—r1)}Ae*"dr+se™*. (5) 


o aw’ 
This integral equation can be written as the differential 
equation, 


(1/d)dx/dt=que*+ (q1.— 1) +90, 
(1/A)dx/dt= gyn*— (qo+92)4+90. (6) 


or 


If we put go=qi=0, Eq. (6) becomes the generating 
function of the Furry distribution.' The solution to (6) 
with initial condition r(s,0)=s is 


qo aL (q25— qo) /(q2s—qz) Jee ¢ 
go{1—[ (gas —go)/ (gas — gn) Jer") 


By (1), the probabilities p(x,f) can now be found by 
taking the coefficient of s* in the powers series expansion 
of x(s,t). We first rewrite (7) as 





r(s,l)= 


a A+B =|] (8) 
Ds C M2 re 


inee 
(s,t)= 
F Cc 


A == gog2e ao~ a2) pore 9042, 
B= qoq2— ge w- q2) ‘ 
C= qogre™ qo— q2) t__ q?’, 


D=q7eu- is q2*. 
Therefore, 


(x,t) [+ ][- 21 9 
pe=|—+— |=], 221 (9) 


Using Eq. (4) we can write the integral equation for 
the expected, or mean, value of X(é). We have 


EX (t)=m(t)=(1-—go+q2) 


xf m(t—r)\e*"dr+e™*. (10) 
o 
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Equation (10) reduces to the differential equation 
Om(1)/dt=X(q2—qo)m(t), 
whose solution, when X (0) = 1, is 
m(t)=exp{A(q2—qo)t}. 


It is clear that the behavior of EX(é) will depend on 
the values of go and q2. As ¢ approaches infinity we have 


(11) 


(12) 


0, go>gs 


limEX(1)=4 2, q2>4qo (13) 


1, Jo= Q2- 


Whenever the probability of absorption is introduced 
into a model of cascade phenomena it is of interest to 
determine the probability »(0,/) that the cascade will 
die out, that is that all particles will for some thickness ¢ 
be absorbed. From (1) and (8) we see that this proba- 
bility is given by 


A gqoe®( 00-22) *— gy 
p(0,!)=—=-__——. 
C qoe®( 40-42) #— gy 


(14) 


The probability that all electrons will eventually be 
absorbed is given by 


1, go> 2 


(15) 
qo/ 92, 


limp (0,t)= 
t+ Go < qo. 


Should the cascade start with m>1 electrons at 
thickness zero, the expected number of electrons in the 
cascade can be obtained by multiplying (12) by m. Since 
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independence is assumed, this is equivalent to con- 
sidering n independent processes with associated random 
variables X,(t), X2(t), --+, X(é), and since 


BS X0)=E EX; (2) 


the above result follows. An explicit expression for p(x,!) 
can be obtained by expanding 7"(s,/) as a power series in 
s and proceeding as before. Hence 


r"(s,/)= (=) (1-25) 
“(ECV * 


We have, therefore, 


wo fECMET TS 
CET: 28 «0 


This distribution is of the negative binomial type. The 
asymptotic behavior of the mean is the same as before, 
except that now EX (1) =n when go= qo. In addition, we 


have 

p(0,t)=(A/C)", 
1 ’ qo> q2 
(qo/q2)", 


18 
and (18) 


limp (0,1) = (19) 


qo< qx. 
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Ionization Energy Loss of Mesons in a Sodium Iodide Scintillation Crystal* 


THEODORE Bowent 
Department of Physics, University of Chicago, Chicago, Illinois 
(Received June 21, 1954) 


The response of a thallium-activated sodium iodide crystal to high-energy charged particles passing 
through the scintillator has been investigated. Pions and muons produced by the Chicago 450-Mev cyclotror: 
have been used to cover energies ranging from 61 Mev (pions) to 245 Mev (muons). Sea-level cosmic-ray 
muons have been used to cover energies from 200 Mev to greater than 2 Bev. At each energy, the most 
probable energy loss is determined from the pulse-height distribution, making use of Po-Be 4.44-Mev y rays 
for an energy calibration. The distributions from cyclotron data are found from the density variations on 
photographs of the superposition of many pulses appearing on an oscilloscope. Because the cosmic-ray 
counting rate is low, each pulse is individually photographed and measured. The results for energies below 
the occurrence of the minimum in ionization indicate good agreement with the probable energy loss as given 
by the Bethe-Bloch formula. Beyond the minimum the probable loss is in fair agreement with Sternheimer’s 
calculations for sodium iodide, rising slightly more rapidly than predicted to the Fermi plateau. 





INTRODUCTION 


N exact understanding of energy losses by high 

energy charged particles has long been the object 
for much theoretical and experimental work. An 
accurate knowledge of the behavior of ionization energy 
loss not only helps us to select the best theoretical 
model for the phenomena, but also makes it possible 
to use ionization loss along the path of a particle as a 
quantitative tool in the carrying out of experiments on 
the properties of high-energy particles. The com- 
paratively recent development of scintillation-counting 
techniques provides an attractive method of measuring 
the specific ionization of fast particles, and thus offers 
the possibility of making new and more accurate 
comparisons with ionization loss theory. 

The first theory of ionization energy loss was de- 
veloped by Bohr' along essentially classical lines. The 
theory was improved by the quantum mechanical 
calculations of Bethe and Bloch,? and the formula 
derived by them for the specific energy loss as a func- 
tion of the velocity of the charged particles has come to 
be known as the Bethe-Bloch formula. By suitably 
adjusting the one parameter, the average ionization 
potential of the absorber, excellent agreement between 
theory and experiment can be obtained for non- 
relativistic particle energies.* When the Bethe-Bloch 
formula is extrapolated to the region of relativistic 
energy losses, one is led to expect the specific energy loss 
to increase logarithmically with the energy, with no 
upper limit to the loss which can be reached. 

Swann‘ first suggested that polarization of the 
medium by the fields surrounding the moving charged 
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particle might reduce the energy loss to be expected at 
high energies. This polarization or density effect was 
first calculated quantitatively by Fermi,’ who showed 
that for extreme relativistic particles the rate of energy 
loss depends only upon the electron density of the 
absorber. If, as in most experimental conditions, the 
occasional energy losses to single electrons larger than 
some arbitrary energy, 7, are ignored, then the energy 
loss per unit of path length is expected to reach a 
constant plateau at extreme relativistic energies. 
Fermi also showed that part of the loss at relativistic 
energies was in the form of Cerenkov radiation. 

The theory of the density effect was then extended 
by Halpern and Hall* and Wick’ by introducing 
multifrequency models of a dispersive medium into 
the calculations. Further studies of the energy loss of 
relativistic particles have been made by A. Bohr, 
Schénberg, Messel and Ritson, Huybrechts and 
Schénberg, Sternheimer, Budini and Poiani, and 
Fowler and Jones.*"' From the earlier work® based 
on the Lorentz dispersion model it appeared that the 
relativistic rise in the energy loss escaped in the form of 
Cerenkov radiation, and hence, would not be expected 
to contribute to the ionization observed close to the 
path of the particle. However, it has been shown!” 
that when the dispersion model of the Kramers- 
Kallmann-Mark theory based on x-ray work is used, 
very little energy is lost in the form of Cerenkov 
radiation, and the relativistic rise appears in the form 
of ionization close to the path of the particle. The 

5 E. Fermi, Phys. Rev. 56, 1242 (1939) ; 57, 485 (1940). 
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results of this work will be compared mainly with the 
calculations of Sternheimer,' since he has made 
explicit numerical computations for sodium iodide. 

In order to make measurements of the rate of energy 
loss of a fast particle, it is generally necessary to 
determine the energy lost along a small, fixed length of 
its path. Unfortunately, this loss is subject to large 
fluctuations or straggling due to the occasional produc- 
tion of high-energy 6 rays or knock-on electrons. The 
energy loss straggling in thin absorbers was first 
calculated by Williams” and later more accurately by 
Landau." Symon" extended the theory to the inter- 
mediate case between a thin absorber which gives rise 
to a Landau distribution and a thick absorber which 
gives rise to a Gaussian distribution of energy losses. 
Blunck and Leisegang'® have computed the effect of 
resonances in the energy loss process which cause a 
broadening of the Landau distribution for very thin 
absorbers where the loss is of the same order of magni- 
tude as the atomic ionization potential of the absorber. 
Thus, in comparing energy loss theories with experi- 
ment, it is not only necessary to correct the average 
energy loss as computed from the Bethe-Bloch formula 
for the density effect, but also for the effect of straggling. 

Recent measurements of the ionization in gases 
using cloud chambers, proportional counters, inefficient 
counters, and ion chambers show a definite relativistic 
increase and appear to be in good agreement with the 
most recent theoretical calculations.""" However, over 
the range of energies and gas pressures studied in most 
of this work, the energy loss is given by the Bethe- 
Bloch formula, so very little information has been 
gained in the region where the density effect becomes 
important. 

Whittemore and Street,!’ by comparing the pulse 
distributions from an AgCl crystal counter for two 
meson-energy ranges, were among the first to find 
convincing experimental evidence of the density effect. 
The energy loss of 9.6- and 15.7-Mev electrons from a 
betatron in a number of solids has been measured using 
a magnetic analyzer by Goldwasser, Mills, and 
Hanson.'* They find good agreement with the theory 
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using the density effect correction, except for the 
heaviest elements. More recently, Goldwasser, Mills, 
and Rubillard’ have directly observed the density 
effect by observing the energy loss in the same chemical 
compound in the gaseous and solid states and find good 
agreement with the theory. While these data check 
the position of the Fermi plateau, they do not yield 
information about the shape of the energy loss curve 
before reaching the plateau. 

Measurements of grain density in photographic 
emulsions show a definite relativistic increase.” How- 
ever, the various workers do not agree too well on the 
exact magnitude and energy dependence of the rela- 
tivistic rise. Part of the discrepancy may be due to the 
inaccuracy of momentum measurements in the region 
where the relativistic rise takes place. In addition, as 
has been pointed out by Brown,” the observed grain 
densities may not always be proportional to the total 
energy loss because an energy threshold must be 
exceeded in order to cause a grain to develop. There- 
fore, it may be premature to draw definite conclusions 
from the agreement or lack of agreement of grain 
density measurements with theory. 

The ionization energy loss of high-energy particles 
can be studied as a function of particle energy by means 
of the pulse height distributions produced in scintil- 
lation counters. This has been demonstrated using 
cosmic-ray muons by the work of Bowen and Roser,” 
Meshkovskii and Shebanov,” and Baskin and Winckler* 
on the organic scintillators anthracene, stilbene, and 
terpheny! in xylene, respectively. All find good agree- 
ment with the theory when the density effect is taken 
into account. Hudson and Hofstadter find that 
the pulse height distribution in sodium iodide due to 
sea level cosmic-ray mesons is only consistent with the 
theory when a density effect is included. However, 
since the mesons were not separated into energy groups, 
they could not study the detailed behavior of the 
energy loss as a function of the meson energy. 

On the basis of the work cited above, energy loss as 
a function of the particle energy seems well established 
in gases and in condensed media of low atomic number. 
However, more data on condensed media of relatively 
high atomic number are needed to establish the energy 
loss curve in the region of minimum ionization and 
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beyond where the relativistic rise to the Fermi plateau 
takes place. An accurate knowledge of the rate of 
energy loss in this region should help to extend the 
energy region in which mass measurements and particle 
identifications can be made. 

The work of Hofstadter?’ and others has shown 
that the thallium-activated sodium iodide scintillation 
crystal has many properties which make it ideally 
suited for investigating ionization energy loss. The 
high content of iodine (Z = 53) gives it a relatively high 
mean atomic number, comparable to that of AgBr 
in emulsion; hence, the results from sodium iodide 
scintillators and emulsion should be similar. The 
high atomic number also makes possible precise 
absolute energy calibrations from photoelectrons and 
pairs produced by y rays of known energy.”” Taylor 
et al, * have shown that except for slow a particles, 
where the ionization is of the order of two hundred 
times minimum ionization, the light output of a 
sodium iodide crystal is proportional to the energy 
lost by the charged particle. 

In order to investigate the specific energy loss in a 
scintillating material, particles of known energy must 
be allowed to pass through a fixed thickness of scintil- 
lator in which they lose only a small fraction of their 
initial energy. Because of straggling of the energy losses, 
the pulses from the scintillation counter will be dis- 
tributed in pulse height. The distribution is very skew, 
with a long tail in the direction of large energy losses. 
The problem of determining the energy loss is, then, 
essentially the problem of determining the position of 
the pulse height distribution. Because of the nature 
of the distribution, the average pulse height is a very 
poor estimate of the position of the distribution, since 
it is subject to large fluctuations caused by occasional 
very large losses. It is much better to characterize the 
position of the distribution by the position of the 
maximum, i.e., by the most probable pulse height. 
Even though the width at half maximum of the dis- 
tribution is greater than 20 percent, the most probable 
value can be obtained to any desired accuracy by 
obtaining a sufficient number of events. The experi- 
mental work was planned to give an accuracy of 1 
percent or better in the determination of each probable 
energy loss. 

If a complete investigation of energy loss in sodium 
iodide were to be undertaken, it seemed desirable to 
examine the shape of the ionization versus energy 
curve on both the nonrelativistic and relativistic side 
of the minimum. Mesons provide ideal particles for 
this energy range, since energy losses due to radiation 
are negligible. For nonrelativistic energies, mesons 
produced by the 450-Mev Chicago cyclotron are very 
suitable, since monoenergetic high intensity beams 
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were available for pion energies up to 227 Mev. For 
higher energies, one can use muons up to 250 Mev, 
which is close to the energy for minimum ionization. 
For still higher energies in the relativistic range, one 
can use muons from the sea level cosmic radiation. 
The energy spectrum of muons at sea level has a broad 
maximum between 100 and 1000 Mev so that most of 
the mesons lie in the energy region of the relativistic 
increase in energy loss. The highest energy to which 
it is practical to go is determined partially by the 
decrease in meson intensities with higher energies and 
partially by the increasing difficulty of measuring 
high energies. The latter limitation was most important 
in this work where range was used, the largest range 
measurement corresponding to about 2 Bev. Because 
of the difference in experimental techniques, the study 
of energy losses is divided into two parts corresponding 
to work at energies up to the energy corresponding 
to minimum ionization using cyclotron-produced 
mesons and the work at relativistic energies using 
cosmic-ray mesons. 


CYCLOTRON ARRANGEMENT 


The arrangement using the 227-Mev x~ beam from 
the cyclotron is shown in Fig. 1. Protons of 450-Mev 
energy striking an internal beryllium target produce 
pions, which are first magnetically analyzed by the 
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Fic. 1, Cyclotron arrangement for the 227-Mev x~ beam. The 
counter arrangement is shown in an enlarged e. 
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cyclotron’s magnetic field. A channel through the 
shield wall is used which selects negative particles of 
340 Mev/c momentum coming from the target. After 
passing through the shield wall, the particles are 
magnetically analyzed a second time by a deflection 
through 35°, giving a beam consisting of 97 percent 
227-Mev negative pions and about 3 percent negative 
muons.” Since the muons mainly originate from the 
decay of pions close to the target and pass through 
two analyzing magnetic fields, they also have a mo- 
mentum of 340 Mev/c, which corresponds to an 
energy of 250 Mev. Some data was also taken using 
the 122-Mev beam, the setup being similar except for 
the use of a different channel through the shield and 
different target and analyzing magnet settings. 

The average energy of the 227-Mev beam has been 
determined by range measurements to within +3 Mev 
with a total spread in energies of less than 4 Mev. 
In the 122-Mev beam the energy is known to +2 Mev 
and the total spread in energies is less than 3 Mev. 
Other lower energies were obtained with each beam by 
introducing copper absorbers in front of counter A 
(Fig. 1). This introduces a small additional fluctuation 
in energy of the order of 3 percent due to energy loss 
straggling, as well as reducing the beam intensity by 
nuclear absorption and by nuclear and Coulomb 
scattering out of the beam. 

A view of the counter arrangement is shown in Fig. 1 
in an expanded scale. Scintillator A is the thallium- 
activated sodium iodide crystal” in which the energy 
loss was to be studied. It was 1.51X3.47X5.97 cm‘ 
and was positioned so the 5819 photomultiplier tube 
viewed one end. The crystal was wrapped with an 
aluminum foil reflector and was hermetically sealed 
in an aluminum can with a Lucite window. The light 
collection was uniform to within +6 percent. 

Counters B and C formed a coincidence telescope to 
select the mesons for which a measurement of the 
energy loss was to be made in the sodium iodide. 
Counter B was a 1.0X2.5X5.0-cm' plastic scintillator! 
viewed at one end by a 5819 photomultiplier tube. The 
large counter C consisted of two 2X6X17 cm’ plastic 
scintillators, each viewed by a separate photomultiplier 
tube, and located side by side so that an effective area 
of 1217 cm? was covered. The sensitive area was made 
large so that losses would be reduced due to small 
angle Coulomb and diffraction scattering in counters 
A and B and in any copper absorber which might be 
between B and C. With this arrangement, almost all 
the mesons selected by the coincidence BC have passed 
through the sodium iodide crystal A. 

When it was desired to measure the energy loss of 
pions, no absorber was used between B and C. To 

” Anderson, Fermi, Martin, and Nagle, Phys. Rev. 91, 155 


(1953); M. Glicksman, Phys. Rev. 95, 1045 (1954). 
* Obtained from Harshaw Chemical Company, Cleveland, 


io. 
31 C, N, Chou, Phys. Rev. 87, 903 (1952). The author wishes to 
thank Dr. Chou for kindly supplying the scintillating plastic. 
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Fic. 2. Block diagram of the electronics for 
cyclotron produced mesons. 


measure the effect of the 250-Mev muons only, 126 
g/cm? of copper absorber was inserted between counters 
B and C. The range of pions of 340-Mev/c momentum 
is 122 g/cm? Cu, whereas muons of the same momentum 
have a range of 144 g/cm? Cu. Since the total amount 
of material ahead of counter C was equivalent to 
134 g/cm? Cu, the pions were unable to reach C and 
cause coincidences. However, the muons could still 
reach C and give coincidences. In this way it was 
possible to measure the energy losses due to muons. 
A block diagram of the electronics for cyclotron 
produced mesons is shown in Fig. 2. Counter B is in a 
10~7-second coincidence with the combined output of 
C, and C;. This coincidence pulse, after passing 
through a gate circuit and discriminator, is used to 
trigger the sweep of a Tektronix 513D oscilloscope. 
The output of the sodium iodide scintillation counter 
A is shaped into a rectangular pulse 1.0 ywsec wide by 
means of delay line. This pulse enters the vertical 
input of the oscilloscope. Since each meson which 
passes through B and C also has passed through A, 
each oscilloscope trace presents a pulse whose height 
is proportional to the energy lost by a meson in the 
sodium iodide A. A scale of 2" circuit is also operated 
by the coincidence pulses. This circuit closes the gate 
circuit after 2'=16384 events, thus stopping the 
recording until manually restarted. The input of the 
discriminator which triggers the oscilloscope sweep 
may be switched to other trigger sources for the purpose 
of recording the distribution due to the calibration 
y-ray source (position 1), observing artificial test 
pulses from a mercury switch pulse generator (position 
3), and recording a zero reference base line (position 4). 
In the 227-Mev pion beam, typical counting rates 
were 9600 counts per minute for 227-Mev pions, 4100 
counts per minute for pions slowed down to 167 Mev, 
2100 counts per minute for pions slowed down to 121 
Mev, and 360 counts per minute for 250-Mev muons. 
Although much higher rates were possible in the 122- 
Mev pion beam, the beam intensity was adjusted for 
similar rates to avoid any possibility of pulse pileup. 
When the duty cycle of the cyclotron is taken into 
account, the average spacing 7 between counter pulses 
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can be computed. At the highest intensity used, 7 was 
78 usec, which was much greater than the 1-ysec. 
width of the pulses from the sodium iodide. 

The pulse-height distributions were recorded by a 
35-mm camera containing Linagraph Ortho film which 
viewed the oscilloscope screen. The lens opening and 
oscilloscope spot intensity were so adjusted that a 
single trace did not produce a noticeable blackening of 
the film, but an exposure to 2" traces resulted in a 
density distribution on the film which was related to 
the frequency distribution of pulse heights. It was not 
necessary to know the exact relationship between 
density on the film and frequency since it was only 
necessary to find the most probable pulse height, 
which corresponds to the location of the region of 
greatest optical density on the film. 

A calibration of the scale of pulse heights in Mev of 
energy loss was made possible by recording the pulse 
height distribution produced by a_ 2.5-millicurie 
polonium-beryllium neutron source. The main y-ray 
produced by this source is one of 4.44 Mev from the 
decay of the first excited state of C”.” This y-ray 
produces a pair peak at 3.42 Mev which is used for 
energy calibration. Comparison of the pulse height 
of this pair peak with the 0.662-Mev Cs'*’ photopeak 
showed the response to be linear. 

Before and after making each exposure to a pulse- 
height distribution, a zero reference line was recorded 
by exposing to about 300 blank traces. This was done 
at the beginning and end of each exposure to provide 
a check against possible drift of the oscilloscope image, 
since some of the exposures lasted longer than 30 
minutes. 

To eliminate the possibility of a slow drift of the 
sensitivity of the equipment while the measurements 
were being carried out, the distribution from pions of 
the full beam energy was repeated between each 
exposure to a different energy and between each y-ray 
calibration, As the light intensity required for optimum 
exposure was rather critical, three exposures at each 
energy were taken differing by factors of two in light 
intensity. To obtain reproducible oscilloscope beam 
intensities, a second oscilloscope was used to observe 
the pulse across a small cathode resistor caused by the 
beam current. 

In order to make more accurate estimates of the most 
probable pulse height, microphotometer tracings of 
the density distributions were made. The linearity 
between pulse height at the output of the photo- 
multiplier and the measurement on the microphotom- 
eter tracing was checked by introducing artificial 
pulses of known amplitude ratios and was found to be 
within 1 percent over the region used. 


COSMIC-RAY ARRANGEMENT 


An apparatus was designed which would select 
cosmic-ray muons passing through a small area and 


® R. G. Thomas and T. Lauritsen, Phys. Rev. 88, 969 (1952). 
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solid angle where scintillation materials could be 
placed. In order to study the dependence upon meson 
energy of the scintillation responses, provision was 
made for classifying the selected mesons into four 
range intervals. Means were also provided to eliminate 
events due to electrons and showers. For each event, 
the responses of up to four separate scintillators could 
be simultaneously recorded. By providing an arrange- 
ment where the data over all the energy ranges for 
several scintillators could be collected simultaneously, 
not only was a large saving in operating time made 
possible, but accurate comparisons of the results from 
different energies and scintillators were made possible 
which are not subject to the errors of calibrations and 
slow drifts with time. The design follows very closely 
that of Bowen and Roser.” 

The arrangement of counters and absorbers is shown 
in Fig. 3. Charged particles are selected by the side- 
by-side telescopes AB,C,;D and AB,C.D. Either of 
these coincidences provides a master pulse which allows 
the recording of the pulse heights from the four 
scintillation counters and the recording of whether or 
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Fic. 3. Arrangement of counters and absorbers for cosmic-ray 
mesons. The dimension shown on each absorber refers to its 
vertical thickness. 


Front View 





IONIZATION 


not GM trays E, F, G, and H and shower counters S 
are in coincidence with the master pulse. The E, F, G, 
and H trays determine to which range interval the 
meson belongs. The S counters prove highly efficient 
in detecting when two or more particles are present, 
as judged from the observation that almost all anomal- 
ously large or small scintillation counter pulses are 
accompanied by S. 

A block diagram of the electronics is shown in Fig. 4. 
A 10~*-sec coincidence of AB;C,D or AB:C.D triggers 
the camera drive and dead-time circuit. If 12 seconds 
or more have elapsed since the preceding event so that 
the camera is ready, then a pulse is promptly sent on 
to trigger the sweep of the Tektronix 514D oscilloscope. 
The pulses from the scintillation counters are delay- 
line-shaped to a width of 1.5 usec; they are then delayed 
by 0, 3, 6, and 9 wsec and mixed together. After a 
further 4-usec delay, the group of pulses enters the 
vertical amplifier of the oscilloscope. In this way, each 
pulse is individually displayed. Pulses delayed 48, 42, 
34, 27, and 20 usec from counter trays S, E, F, G, and 
H, respectively, also appear on the oscilloscope sweep. 
These delayed pulses are obtained from the trailing 
edges of pulses from one shot multivibrators. Delayed 
pulses are also used to indicate which of the two 
possible master coincidences triggered the sweep. 

The recording of the oscilloscope traces was made on 
Linagraph Ortho 35-mm film. Each time the oscillo- 
scope sweep was triggered, the camera drive circuit 
started the camera motor to move the film in position 
for the next event. At the same time a mechanical 
register was also operated whose numbers could be 
correlated with the events on the film. Auxiliary feed- 
back-type circuits had to be added to the oscilloscope 
to improve the stability of the vertical positioning and 
spot intensity, making the recordings of more uniformly 
good quality. 

The four scintillators used were from top to bottom, 
anthracene in polystyrene plastic,** an anthracene 
crystal, a thallium-activated sodium iodide crystal, 
and terphenyl pius diphenylhexatriene in phenyl- 
cyclohexane liquid.* The final results from the three 
organic scintillators will be presented in a later publi- 
cation. The sodium iodide crystal was the same one 
used with cyclotron-produced mesons with dimensions 
1.51X3.47X5.97 cm.* The crystal was viewed from one 
end as in the cyclotron arrangement by an RCA 5819 
photomultiplier tube. Since the mesons selected by 
telescopes AB,C,D and AB,C,D passed through the 
crystal at different average distances from the photo- 
cathode, some information about the uniformity of the 
light collection efficiency could be gained. 

The events could be classified into four meson energy 
ranges corresponding to the master coincidence being 
accompanied by E, EF, EFG, or EFGH. It was also 
required that there be no pulse from counters S and 


3H. Kallmann and M. Furst, Nucleonics 8, No. 3, 32 (1951). 
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Fic. 4. Block diagram of the electronics for cosmic-ray mesons. 


that all four scintillator pulses be present and at least 
one-half the most probable height. From an analysis of 
events which were otherwise acceptable, but which 
had one tray missing, such as FGH, or EFH, the 
efficiency of counter trays E, F, and G were found to be 
greater than 99 percent. Tray H could not be checked 
in the same way, but a comparison of single counting 
rates shows that its efficiency should be about 99 
percent. 

The energy spectrum of mesons selected by a particu- 
lar coincidence is determined not only by the energy 
loss of the mesons in the absorbers between counter 
trays, but also by the amount of scattering which the 
mesons suffer. The first absorber is 10.1 cm of lead. 
Although mesons which have more than 193 Mev at the 
center of the sodium iodide crystal can pass through 
this lead, most electrons found at sea level will be 
stopped. The remaining absorbers, however, consist of 
iron, in which, for equal thicknesses, the rate of ioniza- 
tion energy loss is only about 9 percent less than that 
for lead, yet the rms multiple Coulomb scattering is 
less by a factor of about 1.88 because of the lower atomic 
number of iron. It is important in this application to 
reduce the multiple Coulomb scattering to as low a 





THEODORE BOWEN 

















Muon Energy in Bev 


Fic. 5. Calculated energy spectra for E, EF, 
EFG, and EFGH events. 


level as possible, since a high energy meson which is 
scattered out of an absorber will be counted as belonging 
to a lower energy interval. 

The actual energy spectrum of mesons selected by 
each range interval has been computed. This was done 
by numerical computations which took account of 
energy loss in the absorbers and the probability of a 
muon being scattered out by multiple Coulomb 
scattering. The distributions of lateral deflections due 
to multiple scattering were approximated by Gaussian 
curves. The curve given by Rossi* was assumed for 
the energy spectrum of muons entering the apparatus. 
The resulting spectra for the four range intervals are 


shown in Fig. 5. By finding the area under the curves 
of Fig. 5, the results of these calculations can be used 
to predict the counting rates expected in each range 
interval. Table I gives a comparison between computed 
and actual counting rates. The agreement appears 
satisfactory in view of the approximations made in the 


calculations and the uncertainties in the meson 
spectrum. 

Since the cosmic-ray apparatus had to be operated 
over a period of more than three months, it was neces- 
sary to provide for a high degree of stability. It was 
especially important to provide a very stable high 
voltage to the photomultiplier tubes, since a change of 
1 percent in the high voltage would result in a 10 
percent change in photomultiplier gain. Consequently, 
the electronically regulated supplies for the photo- 
multipliers used batteries as voltage references. These 
reference batteries were enclosed along with a standard 
cell in an oven whose temperature was regulated at 
(30.5+0.5)°C. The high voltage from either supply 
could be checked against the standard cell by means 
of a voltage divider using precision wire wound resist- 
ances and a null indicating galvanometer. With the 
above arrangement, the high voltage supplied to the 
photomultiplier tubes was kept well within +0.1 
percent. 

Outputs from a mercury-switch pulse generator went 
to all scintillator and counter inputs. During normal 
operation of the equipment, this generator gave one 


™ B. Rossi, Revs. Modern Phys. 20, 538 (1948). 


pulse each hour which was recorded in the same way 
as a normal event. This not only provided an hourly 
time marker, but also provided a calibration for the 
pulse-height scale, since the heights of the pulses from 
the generator were heid constant to within +0.5 
percent throughout the experiment. Each calibration 
pulse also provided a check of the operation of the 
delay multivibrator circuits. 

Approximately once a week an energy calibration 
of the pulses from the sodium iodide counter was made 
using the 4.44-Mev vy rays from a Po-Be source. The 
pulse-height distribution due to the y rays was recorded 
and measured in the same way as in the cyclotron 
arrangement. The results of these calibrations showed 
that the gain of the photomultiplier remained constant 
within +1 percent during the course of the experiment. 

The recorded oscilloscope traces were projected onto 
a horizontal screen on a table-top with an enlargement 
such that the images were five times the size of the 
original trace on the face of the cathode-ray tube. 
Full scale deflection corresponded to about 20 cm on 
the screen, and the most probable pulse height to 
about 7 cm. The height of each scintillation counter 
pulse was measured with an error of +0.01 cm and 
recorded, along with the information provided by the 
counter tray pulses. The artificial calibration pulses 
were also measured along with the genuine events. 
Each measurement of an event was converted to an 
energy loss in Mev by dividing by the average size of 
the calibration pulses at the time of the event and 
multiplying by the Mev equivalent of a calibration 
pulse as determined from the Po-Be calibrations. 


RESULTS 


The relation between the probable energy loss of a 
singly charged particle, €prob, in a thickness of ¢ cm 
of material is expected to be given by the equation 


2nnetiy 2mv? (2rne't/ mv") 
In —B+j -6}, 
m? lL = P(1—6) 


where n is the electron density, e is the electronic 
charge, m is the mass of the electron, / is the average 
ionization potential of the material, and » is the velocity 
of the charged particle. The term 7 is a small correction 
term calculated from straggling theory which depends 
upon the absorber thickness and the particle velocity 
and which approaches 0.37 when 


2ane't/mv?<K2mvr*/(1—f*). 


Taste I. Calculated and observed counting rates. 





€prob = 








Type Calculated 
of event rate/hour 
E 0.518 
EF 0.645 
EFG 0.925 
EFGH 2.31 


Observed 
rate/hour 


0.586+0.041 
0.640+-0.043 
1.093+-0.056 
2.12 +0.077 
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6 represents the density effect correction, which arises 
because the polarization of the medium reduces the 
energy loss. Numerical values of 6 have been calculated 
by Sternheimer”® for sodium iodide, which is the material 
used in this experiment. If «=logiof 8/(1—6*)!], then 
6 is given approximately by 


5=0 
5=4.606x—5.77+-0.278(3—x)?-™, 
5=4.606x—5.77, 


Following Sternheimer, the mean ionization potential J 
was taken from an interpolation of the values given by 
Bakker and Segré*® to be 392 ev. In the cyclotron 
arrangement the correction for the lengthening of 
the average path length of the mesons in the sodium 
iodide due to scattering ranged from 0.66 percent at 
the lowest energy to 0.07 percent at the highest energy. 
In the cosmic-ray arrangement, the counter geometry 
(Fig. 3) was such that the average path length was 
increased by only 0.2 percent of the actual scintillator 
thickness of 1.51 cm. The theoretical values to be 
compared with the experimental results were all 
computed from the above relations. 

While ionization loss is the only process which 
contributes significantly to energy loss by muons, this 
is not true for pions. In addition to ionization energy 
loss, pions may also lose energy by nuclear interaction. 
On the basis of emulsion, cloud chamber, and counter 
studies of pion interactions,** five percent of the pions 
are expected to undergo nuclear interactions and 
another five percent to be diffraction scattered in the 
1.51 cm of sodium iodide. Less than five percent of the 
nuclear interactions will be counted, since a pion with 
E>35 Mev or a proton with E>70 Mev within 30° 
of the beam direction is required to actuate the coin- 
cidence counters (B and C in Fig. 1). The lengthening 
of the average path length in the sodium iodide due to 
the diffraction scattering of pions is less than 0.1 
percent. For the one percent accuracy required in this 
experiment the effects of nuclear interactions and 
diffraction scattering can be neglected. Pions and 
muons also differ in spin, pions having spin zero and 
muons probably having spin 3. However, the effect 
of the magnetic moment probably associated with 
the muon is completely negligible over the range of 
energies used in this work.*’ Therefore, since the energy 
loss equation for singly charged particles heavier than 
the electron involves only the velocity of the particle, 
pions and muons are expected to give equally valid 
results on the energy loss in sodium iodide. 

Before stating the results, it is important to explain 


x<0.09; 
0.09 <*<3.00; 
x> 3.00. 


36 C. J. Bakker and E. Segré, Phys. Rev. 81, 489 (1951). 


* Bernardini, Booth, and Lederman, Phys. Rev. 83, 1075 
(1951); R. L. Martin, Phys. Rev. 87, 1052 (1952); J. O. Kessler 

and L, M. Lederman, Phys. Rev. 94, "689 (1954). 

adh J. Bhabha, Proc. Roy. Soc. (London) A164, 257 (1938); 

H. S. W. Massey and H. C. Corben, Proc. Cambridge Phil. Soc. 
35, 463 (1939). 























Po- Be y-ray Colibration Mesons 


Fic. 6, Sample microphotometer tracings of the photographic 
density distributions due to (left) Po-Be y-rays and (right) 
122-Mev x~ mesons in sodium iodide. 


122 Mev w™ 


how the most probable energy losses were estimated 
from the data. In the case of cyclotron-produced 
mesons, use was made of microphotometer tracings of 
the density distributions. Figure 6 shows typical 
density distributions for 4.44-Mev y rays and for 
122-Mev pions. Even though each distribution repre- 
sents about 1.610‘ mesons, there are still small 
fluctuations in the curve. The position of the highest 
point of such a distribution curve clearly is not the 
best estimate of the position of the distribution. One 
can do better by also making use of the steeply rising 
and falling regions of the distribution curve. 

In the procedure adopted for the cyclotron data, 
the most probable pulse height was determined with 
the help of a standard curve which was an average of a 
number of the observed distributions. The peak of 
this curve was marked. The standard curve was then 
superimposed on each pulse-height distribution to 
give the best fit possible by visual observation. The 
position of the peak of the standard curve was taken 
as the location of the most probable pulse height. By 
making use of the y-ray calibration and assuming 
that the pulse height was proportional to the energy 
lost in the crystal, the distance from the zero reference 
line to the most probable pulse height could be used 
to calculate the most probable energy loss in the scintil- 
lator. The accuracy of a probable pulse-height measure- 
ment made in this way of an individual distribution 
was +1.3 percent as determined from the consistency 
of all the results from a single energy. In using the 
above method there is the possibility of introducing 
a systematic error if the peak of the standard curve is 
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in error, but this is less than one percent as judged from 
the consistency between results at the same meson 
energies from different runs. 

A different procedure is required for finding the most 
probable energy losses from the cosmic-ray data, since 
each event is measured separately and the number of 
events is smaller than in the case of cyclotron-produced 
mesons. Over the range of energies covered by the 
cosmic-ray apparatus the energy loss distribution is 
expected to approach an exact Landau distribution.” 
The average pulse height is obviously an inaccurate 
estimate of the position of this distribution because of 
the long tail which causes the average of N measure- 
ments to be only slightly more accurate than a single 
measurement. A much more efficient estimate can be 
found by taking a modified median or quantile of 
the distribution. That is, since according to theory the 
most probable energy loss divides the area of a Landau 
distribution such that 28 percent of the area lies below 
and 72 percent above the probable loss, an estimate 
can be obtained from the data by finding the loss which 
divides the area under the experimental distribution 
curve in the ratio of 28 to 72. For the Landau dis- 
tribution, the error in the probable loss obtained from 
this quantile method is about 1.5 times the error of 
the best possible estimate theoretically attainable. 

A further difficulty arose when it was found that 
the actual energy loss distributions did not exactly 
fit the expected Landau distributions. The experimental 
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Fic, 7. Histograms of the cosmic-ray muon energy losses. The 


distributions from top to bottom represent E, EFG, and 
EFGH events. The effective value of the muon kinetic energy 
in units of its rest energy (E,/Mc*) is given for each distribution. 
The shift of the histograms to larger losses for the higher energies 
can be seen clearly. 
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energy loss distributions are shown in Fig. 7. With 
increasing meson energy, more large energy losses 
were found than were expected. This was attributed to 
knock-on electrons produced in the scintillators and 
counter walls in the path of the mesons directly above 
the sodium iodide crystal. The energy distribution of 
knock-ons striking the sodium iodide crystal was 
calculated for several muon energies. The theoretical 
cross section for the production of knock-on electrons 
by muons (spin 4) was used.*” Since knock-on electrons 
produced with energies less than 1 Mev have very little 
chance of striking the sodium iodide crystal because of 
their large angle of emission and large multiple scatter- 
ing, only electrons produced with energies greater 
than 1 Mev were considered, which made it possible to 
assume a constant rate of ionization energy loss in the 
calculation. These distributions were then folded into 
the Landau distributions. The resulting distributions 
had tails which agreed much better with the data, the 
number of large energy losses being more frequent at 
higher muon energies. The positions of the peaks of 
the original Landau distributions were not shifted by 
more than 0.5 percent, but quantile estimates of the 
probable losses would be shifted to larger values, the 
shift being dependent upon muon energy. 

It was also observed that the peaks of the observed 
distributions were significantly broader than for those 
of pure Landau distributions. The theory of Blunck 
and Leisegang'® predicts some broadening due to 
resonance losses in the neighborhood of the ionization 
potentials which for the sodium iodide crystal means 
that an additional fluctuation obeying a Gaussian 
distribution with a standard deviation of 0.10 Mev 
must be combined with the Landau distribution. 
Good agreement with the observed distributions 
requires assuming a standard deviation of 0.4 Mev. 
It is then most likely that the additional fluctuations 
arise from small nonuniformities in the light collection 
efficiency, statistical fluctuations in the number of 
photoelectrons and variations in gain of the photo- 
multiplier. 

Theoretical distribution curves, which included the 
effects of knock-on electrons and the Gaussian (¢=0.4 
Mev) errors, were calculated. It appeared from these 
curves that a further improvement in estimating the 
probable energy loss could be obtained by cutting 
off the tail of the energy loss distribution. The cut-off 
was arbitrarily taken to be the position on a pure 
Landau distribution which divides the area so that 
20 percent is in the cut-off tail. This cut-off was found 
to be 2.2 Mev above the probable energy loss. 35 percent 
of the remaining 80 percent of the area was found 
to lie below the probable loss and 65 percent above. 
The probable loss of an experimental distribution 
was obtained by starting with a crude estimate of the 
probable loss and placing the cut-off 2.2 Mev higher. 
An improved estimate of the probable loss was obtained 
from the quantile which divided the remaining area 
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TABLE II. Summary of results for the probable energy loss in 1.51 cm Nal. Ey is the average kinetic energy of the mesons. 








Energy 
sz spread 
Type (Mev) 


Group Ex/Mc Ex (Mev) 


loss (Mev) 


Probability 
of least 
squares fit 


Probable 3 i 
energy Sternheimer’s 


theory 


Relative Absolute 








122-Mev x 
Cyclotron 
beam 


227-Mev x~ 
Cyclotron 
beam 


0.436 61 
0.607 85 
0.843 118 


0.857 120 
1.164 163 
1.588 222 
2.29 245 


3.48 368 
7.15 755 
13.9 1470 
49.5 5230 


: 5 
4 


Cosmic 
rays 
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10.28 
8.76 
7.83 


7.82 
7.23 
6.85 
6.59 


6.53 
6.55 
6.72 
7.02 


10.32 
8.66 
7.77 


7.84 
7.19 
6.81 
6.50 


6.48 
6.51 
6.78 
7.13 


0.19 


0.064 








in the ratio of 35 to 65. The cut-off was then placed 2.2 
Mev above the new probable loss estimate, the process 
of successive approximations going on until no further 
improvement was obtained. The modified quantile 
estimates obtained in this manner from the theoretical 
distribution curves were found to agree within 0.5 
percent with the most probable losses given by the 
original Landau distributions. This method of arriving 
at the value of the probable loss has the distinct 
advantage of being unaffected by the presence of 
knock-on electrons or small Gaussian fluctuations in 
the distribution. 

Table II gives the results from both the cyclotron 
and cosmic-ray data for the most probable energy loss 
at various energies. The cyclotron meson energies 
given are the average energies at the center of the 
sodium iodide (A in Fig. 1). Each cosmic-ray meson 
energy is that energy which would give the same 
probable loss as that expected from the actual spectrum 
of energies. This energy is very closely equal to the 
median of the respective energy band. The last row in 
the cosmic-ray group represents all muons with an 
energy greater than 2 Bev. 

The relative errors of the probable energy losses are 
for use in making comparisons within one of the three 
groups into which the data has been divided. They 
refer to the errors in estimating the peaks of the pulse- 
height distributions, but do not include errors in the 
absolute energy calibration. The relative errors of the 
cyclotron results are estimated from the internal 
consistency of the data. The relative errors of the 
cosmic-ray data are computed assuming that the 
fractions of the data lying on either side of the true 
probable energy loss obey a binomial probability 
distribution. The error in the calibration needed to 
make absolute comparisons with the theory is estimated 
to be +1.0 percent, to which +0.6 percent is con- 
tributed by the uncertainty in the calibration y-ray 
energy, +0.5 percent by the error in locating the 
position of the distribution due to the y rays, and +0.3 
percent by the uncertainty in the thickness of the 
sodium iodide crystal. An error in the calibration will 
affect all the losses in a group by the same factor, and 


is included in the estimate of absolute error, which 
should be used in comparing any single point with the 
theory. 

The two master coincidences, AB;C;,D=M, and 
AB:C,D=M, (see Fig. 3) allowed the data to be 
separated into two groups which passed through 
different regions of the sodium iodide crystal. The 
M; mesons passed through a region which was one 
inch closer to the photomultiplier than the Me group. 
The M;, pulse-height distributions were located at 6,7 
percent higher pulse heights than those of Mz». In the 
pulse-height histograms shown in Fig. 7, the My 
distributions have been shifted down by this amount to 
coincide with the Mg distributions. Except for this 
shift, the two sets of data agreed and showed the same 
relativistic rise within statistical errors. Use was made 
of this difference in light collection efficiency between 
the M; and Mz groups in making comparisons with the 
calibration y-ray distributions, which involve the whole 
volume of the crystal. 

The results are also shown plotted in Fig. 8 along 
with a curve calculated from the theory of Sternheimer. 
For energies below the minimum of ionization, the 
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Fic. 8. The probable energy loss of mesons in 1.51 cm of 
sodium iodide is shown as a function of meson energy in units of 
its rest energy. The curve is calculated from the theory of Stern- 
heimer. The solid circles represent cyclotron data using pions, 
except for the highest point at E,/Mc@=2.3, using muons. The 
open circles show the cosmic-ray muon results. 
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agreement between theory and experiment is perfectly 
satisfactory. Beyond the minimum the experimental 
data shows an indication of a somewhat more rapid 
rise, as can be seen in Fig. 8, where the errors indicated 
are the absolute errors of Table II. It is possible to 
test the agreement between theory and experiment in 
another way by making use of the relative errors, 
which are appreciably smaller than the absolute errors. 
The results from any one of the three groups in Table 
II can be normalized to the theoretical curve by a 
weighted least-squares fit. The exactness of this fit 
can then be tested by well known statistical methods. 
In the last column of Table II the probability due to 
statistical fluctuations of deviations as large or larger 
than those found is given for each group. The groups 
of data from the cyclotron give reasonably high proba- 
bilities (0.19 and 0.55), showing that the relative losses 
from theory and from experiment agree. The low 
probability of 0.064 for the points from the cosmic-ray 
data at energies in the region of the relativistic rise 
indicates a discrepancy between theory and experiment 
which may be significant. 

To be more certain that the relativistic rise found in 
sodium iodide was not due to any instrumental errors, 
a preliminary check was made of part of the data from 
the liquid scintillator (terphenyl plus diphenylhexa- 
triene in phenylcyclohexane) which was taken con- 
currently with the sodium iodide data. The probable 


pulse heights from all four range intervals agree and 
show that the relativistic increase could not exceed 
2 percent, in contrast to the 10.9+1.0 percent increase 
found in sodium iodide. This result for phenylcyclo- 
hexane agrees with previous results on similar organic 
materials” and with theory.” 


THEODORE BOWEN 


CONCLUSIONS 


The results of this work demonstrate the possibility 
of exact determinations of the ionization energy loss 
of high-energy charged particles by the use of scintil- 
lation counters. Excellent agreement is found between 
theory and experiment for the probable energy loss 
of pions and mucns at energies below the minimum of 
ionization where the density effect is not important. 
The experimental data for muons with energies beyond 
the minimum of ionization give conclusive evidence 
for the existence of the density effect in sodium iodide. 
In addition, the experimental results show a definite 
relativistic increase in the probable energy loss, the 
increase being 10.9+1.0 percent in going from the 
minimum to an energy of 50Mc? (M=207m,).** This 
compares with the prediction of 8.2 percent rise at 
50Mc from the calculations of Sternheimer. The 
theory predicts a total rise in going from the minimum 
to the plateau at infinite energy of 11.4 percent, which 
is perfectly consistent with the results obtained here 
(10.9+1.0 percent) if it is assumed that the energy 
loss reaches the plateau more rapidly than expected. 
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Expressions are obtained for the differential cross sections for inelastic scattering of fast electrons with 
excitation of various nuclear multipole transitions. The most probable transitions are those that involve 
collective motion of many nucleons, and in this case the term arising from the transition charge density 
dominates those that come from the current and magnetization densities, There is then a close relation be- 
tween the probability for inelastic electron scattering and the probability for the corresponding radiative 
electric multipole transition, although an assumption must be made as to the shape of the transition charge 
density. This is illustrated with a detailed discussion of the collective electric quadrupole transitions, using 
the model of Bohr and Mottelson. When the transition is produced by one or a small number of nucleons, or 
when it is of magnetic multipole type, there is likely to be little relation between inelastic scattering and 
radiation probabilities. The electric monopole transition (0+—0-+-) is also discussed. It is shown how the 
elastic scattering can be corrected for unresolved inelastic scattering as well as elastic quadrupole scattering 
before an analysis is made in terms of the spherically symmetric part of the static nuclear charge density, and 
also how the strength as well as the shape of the transition charge density can be determined experimentally 


when only relative measurements of inelastic scattering are available. 


I. INTRODUCTION 


ECENT experimental work of Hofstadter and 

collaborators! has demonstrated the possibility 
of obtaining precise distributions in energy and angle for 
electrons of very high initial energy scattered by nuclei, 
and has yielded specific results in a number of cases. 
Analysis of the angle distributions of such elastically 
scattered electrons’ has already provided information on 
the radial dependence of the static charge density in 
various nuclei. There are two main reasons why a 
similar analysis must be made for the inelastically 
scattered electrons. First, with imperfect energy resolu- 
tion, some inelastically scattered electrons correspond- 
ing to excitation of low-lying nuclear states will be 
included in the measurement of elastic scattering, and 
may affect the charge density inferred from these 
measurements. Second, when inelastically scattered 
electrons can be resolved in energy, it is anticipated that 
their distribution in angle can often be used to determine 
the strength and multipole character of the correspond- 
ing nuclear transition. 

The information concerning nuclear transitions that 
can be obtained from inelastic electron scattering is very 
similar to that which can be obtained from Coulomb 
excitation by heavy charged particles that are slow 
enough so that they do not penetrate the nuclear 
Coulomb barrier appreciably.4 In both cases, the 
interaction between incident particle and nucleus is es- 


* Supported in part by the Office of Scientific Research, Air 
Research and Development Command. 

1 Hofstadter, Fechter, and McIntyre, Phys. Rev. 92, 978 (1953); 
fon Hahn, Knudsen, and McIntyre, Phys. Rev. 95, 512 

1954). 

2 McIntyre, Hahn, and Hofstadter, Phys. Rev. 94, 1084 (1954). 

4 Yennie, Ravenhall, and Wilson, Phys. Rev. 95, 500 (1954), and 
private communication. 

‘T. Huus and C. Zupantit, Kgl. Danske Videnskab. Selskab, 
Mat.-fys. Medd. 28, 1 (1953); C. L. McClelland and C. Goodman, 
Phys. Rev. 91, 760 (1953); N. P. Heydenburg and G. M. Temmer, 
Phys. Rev. 93, 906 (1954); K. Alder and A. Winther, Phys. Rev. 
91, 1578 (1953). 


sentially al] electromagnetic and is calculable. ‘Thus far, 
Coulomb excitation experiments have yielded total ex- 
citation probabilities as a function of the charge, mass, 
and velocity of the incident particle, which can be used 
to determine the strength and multipolarity of nuclear 
electric multiple transitions. Accurate measurements of 
the angle dependence of inelastically scattered electrons 
can determine these quantities independently and can, 
in addition, give the radial dependence of the transition 
charge density. In principle, such experiments can also 
provide similar information concerning magnetic multi- 
pole transitions; it will be shown, however, that such 
transitions are likely to be less probable than electric 
multipole transitions, and that they are more difficult to 
interpret. 

In the present paper, the nucleus is described by 
charge, current, and magnetization densities p, j, and M, 
which are treated as classical quantities. Actually, they 
should be regarded as quantum-mechanical operators of 
the type discussed by Foldy,* in which case appropriate 
matrix elements between initial and final nuclear states 
must ultimately be calculated. However, for all except 
the very simplest nuclei, the nuclear wave functions are 
not known well enough to warrant such detailed calcu- 
lations. We shall, therefore, be satisfied with a semi- 
classical treatment, according to which p, j, and M are c 
numbers which represent the static densities (expecta- 
tion values for the nuclear ground state) in the case of 
elastic scattering, and the transition densities (matrix 
elements between nuclear ground and excited states) in 
the case of inelastic scattering. It is then expected that 
the resulting formulas can be used phenomenologically, 
perhaps with a hydrodynamical model for the combined 
contributions of nucleons and mesons to these densities 
(see Sec. VIII). 

It is inherent in the present work that the dynamic 
interaction between electron and nucleus is treated by 


5L. L. Foldy, Phys. Rev. 92, 178 (1953). 
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first-order perturbation theory, and this seems to be a 
reasonable approximation.* In addition to this, we shall 
assume that the static interaction is also small, and use 
plane wave functions for the incident and scattered 
electrons ; this is justified only for light elements, and is 
equivalent to the use of the M¢giler potentials and fields.’ 
This latter approximation can be improved by using 
Coulomb wave functions for the electron like those 
calculated numerically in connection with elastic scat- 
tering,’ and such calculations are now under way. 

The work reported here differs from other recent 
calculations of radiative transitions** and of inelastic 
electron scattering” in one or both of two respects: the 
reduced wavelength 1/9 associated with the change of 
momentum hq of the electron is not necessarily large in 
comparison with nuclear dimensions, and this wave- 
length is usually much smaller than fic divided by the 
energy loss of the electron." The first point means that 
there may be retardation within the nucleus, so that the 
radial dependences of the transition densities may be 
significant. Also, the transition probabilities do not 
necessarily decrease as the multipole order increases ; the 
expansion in multipoles is nevertheless useful since 
nuclear selection rules often limit possible transitions to 
one or two multipole types. The second point means 
that the probability for inelastic electron scattering is 
fundamentally different from that for radiation, since in 
the latter case the reduced wavelength of the photon is 
equal to hic divided by the energy of the photon. It turns 
out that there is a close relation between the leading 
terms in the probabilities for the two processes in the 
case of electric, but not in the case of magnetic multipole 
transitions. 


II. GENERAL FORMULATION AND MAGNETIC 
MULTIPOLE CALCULATION 


We start from the interaction energy H’ between the 
nuclear densities p, j, M, and an arbitrary external 
electromagnetic field that is described by the potentials 
¢, A or the field strengths G, @: 


H'= f (oy—cj-A—M-&)dr. (1) 


* An order of magnitude estimate of the second-order dynamic 
interaction (nuclear og indicates that it is relatively small. 
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SCHIFF 


In order that H’ result in a transition that conserves the 
energy, the time variations of the nuclear and field 
quantities must cancel, so we assume that the nuclear 
quantities vary like e““‘ and the field quantities like 
e~', where fw is the energy of the transition. The 
electric field strength may be expressed in terms of the 
potentials in either of the forms 


G= — dA/dct— grad y= (iw/c)A— grad ¢, 
and the equation of continuity is 
divj = — dp/dt= —iwp. 


Substitution into Eq. (1) and integration by parts leads 
to 


H!'= f [ (i/w)j-@—M-@ dr; (2) 


the partial integration assumes that the nuclear densities 
have a finite extension in space, so that boundary terms 
at infinity vanish. 

We wish to decompose H’ into parts that correspond 
to electric and magnetic multipole transitions of all 
possible orders. Since the treatment of the magnetic 
transitions is the same whether the external field is a 
free radiation field (emission or absorption of photons) 
or arises from external sources (inelastic electron excita- 
tion), we start with this case. For magnetic multipole 
radiation of order /, the electric field is transverse and 
has the parity (—1)'. We therefore substitute for $ in 
Eq. (2) from one of Maxwell’s equations which is valid 
whether or not there is an external charge and current 
density, 

curl = — 09/dct= (iw/c)H, (3) 
to obtain 


H’= f [ (é/w)9-G+ (ic/a)M -eurl G Jar 


=(i/e) f G+¢ curlM)-Gdr. (4) 


Now as discussed by Blatt and Weisskopf,* any vector 
function of the polar angles 0, @ can be expanded in 
terms of three kinds of vector spherical harmonics. The 
first kind, of total angular momentum /, is 


X im (8,6) = —i[1+1) RXV) ¥ inl), (5) 


where Y;» is the ordinary scalar spherical harmonic, 
Xm is transverse and has the parity (—1)'; the other 
two kinds of the same total angular momentum have the 
parity (—1)'*". The three kinds together, for all /, 
constitute a complete orthonormal set of vector func- 
tions with respect to integration of @ and @ over the 
sphere. We can therefore write for the part of H’ that 
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gives rise to magnetic /-pole transitions: 


H im) = (i/w) f (j+¢ curl M)-Xim*(0,0) 


x| f Xin(0’,6")-G(v,0',6’)d2" |dr. (6) 


Summation of Eq. (6) over / and m, with inclusion of the 
corresponding terms that come from the other two kinds 
of vector spherical harmonics will, because of the 
completeness of these functions, yield Eq. (4). These 
other two classes of terms give rise to electric multipole 
transitions, and are more conveniently expressed in 
terms of an integral that involves X,, and a different 
combination of nuclear densities (see Sec. IIT). 

We now evaluate the square-bracketed integral in 
Eq. (6), assuming that the electric field has the form 


G=ec'''=e DLL 4a (+1) Pi'jul(qr) Y 0(6',¢’). (7) 


The vector fq is the photon momentum in the radiation 
case, or the momentum change of the electron in the 
electron scattering case; the way in which Eq. (7) is 
written assumes that the direction of q is the polar or z 
axis with respect to which the spherical harmonics are 
defined. Substitution of Eqs. (5) and (7) into the 
square-bracketed integral of Eq. (6) yields, after a 
partial integration, 


f Xin(0',6")-G(r,0/,0")d0" 
=[(2+1) Pil(e,bie,) julgr), 


if m=+1, and zero otherwise. Equation (6) now be- 
comes, after use of Eq. (5) and integration by parts, 


Hy, 41 = (i"/w) [9 (214-1) /U1+1) (ert ie,) 
X f iQ) V ast curl +c ur M)dr. (8) 


III. ELECTRIC MULTIPOLE TRANSITIONS 


For electric multipole radiation of order ], the mag- 
netic field is transverse and has the parity (—1)'. We 
therefore substitute for @ in Eq. (2) from another of 
Maxwell’s equations, 


curl § = 0G /dct+41j./c= (—iw/c)\E+4nj./c, 


to obtain 
H'=- f C (c/w) curl j+M}-dr 


+ (44/w*) f j:jdr. (9) 
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Here, j, is the transition current density that arises from 
the change in state of the electron; it is zero for a 
radiative transition and is given by 

j-= ecae‘** (10) 
in the case of electron scattering, where a is the matrix 
element of the Dirac a eperator between initial and final 
electron plane wave states of momenta pp and p, and 
hq=po—p. 

The first integral in Eq. (9) can be reduced in pre- 
cisely the same way as Eq. (4). We put ®=he'*'', and 
obtain for the electric /-pole part of this integral, which 
is the entire interaction energy for a radiative tran- 
sition :” 


Ay 1 =i" (21+-1)/U(1+-1) (het ihy) 


x f jones? 
r-curl [M+ (¢/w*) curl j jdr 
= —i'+[e(214+-1)/1(1+1) ]'(hetih,) 


(11a) 


| fire div(rXM)dr 
— (icf) f Gjerde ar) nated 


(ctf) fj vast(epar}, (11b) 


In the latter form, use has been made of the equation of 
continuity to replace divj by —iwp. 

In the electron excitation case, we must also de- 
compose the second integral of Eq. (9) into electric 
multipole contributions. We cannot now use the sym- 
metry of the magnetic field as a guide, and must rely on 
the symmetry of the nuclear charge-current density 
instead. Inspection of the first integral of Eq. (9) and 
the second integral of Eq. (11b) shows that the X;,, part 
of curl j and the Y;,,, part of p give rise to electric /-pole 
transitions. We therefore transform the second integral 
of Eq. (9) so that only these combinations of nuclear 
densities appear. The electron current density can be 
written as the sum of the gradient of a scalar (irrota- 
tional part) and the curl of a divergenceless vector 
(solenoidal part) : 


j.=gradx+curly, divy=0. 
From this 
divj.= Vx, curlj,= — Vs. 


With the form (10) for j,, we find that 


x=—(/P)@-i), 4= (i/7)(QXi-). 


Some relations given in reference 8 are useful in deriving Eq. 
(11b) from (11a). 
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Thus with the help of some partial integrations and the 
equation of continuity, we obtain 


fiiar=(o/e) foaioar 
+(i/@) f earlj-(q@Xjddr. (12) 


Equation (12) can now be broken down into multipole 
parts in analogy with the decomposition of Eq. (4) into 
terms of the type (6). The result for the contribution of 
the second integral of (9) to the electric /-pole transition 
is 


H"" (2 = (4 /ua) f pV m* (0) 
x [f Y im (0'9’) (q- joan’ la 


+ (4ri/ute) f curt X:n*(0,6) 


x [xno (axial. 


Since the z axis is along q, the first square-bracketed 
integral vanishes unless m=0, and the second square- 
bracketed integral vanishes unless m=-+1. Use of the 
form (10) for j, leads to the following results: 


A’ 1, o§® = (8mi'eca,/wq)[(21+-1) }§ 
xf iuo¥ueedr, (13) 
Hy 41) = — (4eri ec /00*q) (a,Fia 2) (214-1) ]! 
x f jXuai*- (curl j)dr. (14) 


The external fields @ and $ may be found from solu- 
tion of Maxwell’s equations with the electron current 
(10). The results are the Mller fields,’ which have the 
forms used above, with 


= 4rrie(ka+qao)/(q’—k’), 
estie,=4riek(a,+ia,)/(¢—k), 
h=4rie(qXa)/(q°—#’), 
hbih, = —4wieg(a,Fia,)/(¢?—#), 


where k=w/c and dp is the matrix element of the Dirac 
unit operator between initial and final electron states. It 
can now be shown without difficulty that Eq. (14) is just 
equal to — (q’—#)/¢* times the /m part of the curl j 
term in the first integral of Eq. (9). Thus when Eqs. (11) 
and (14) are added together, the result is to leave the M 
integral in (11a) or (11b) unchanged, and multiply the 
other integrals by a factor k*/¢. 


SCHIFF 


We give here the interaction energies for electric and 
magnetic /-pole transitions in the electron excitation 
case. Equation (13) has been changed slightly by 
making use of the Dirac equation to write q- a+ (wao/c) 
=(), or a,= — (kao/q), and a substitution has been made 
for e,+ie, in Eq. (8). 


A’, o\® = — (4mi'eao/q*) [44 (21+-1) }3 
x f iulg)¥ .edr; (15) 
H' 41” =[4miteg(ayFia.)/(g—K)] 


XLr(a+ 10+) f j@)¥ eas 


r-curl [M-+-(cg*)~'curlj dr; (16) 


H' 41% =[4niMe(a,tieg)/c(q?—#)) 
Xfm (21+1)/1(04+1)) f QV nan 


r-curl{j+ccurlM ]dr. (17) 
Equations (16) and (17) can of course be further 
transformed in analogy with the change from Eq. 
(11a) to (11b). 


IV. ORDERS OF MAGNITUDE 


We now estimate the relative orders of magnitude of 
the various terms in the above three equations. For this 
purpose, we note that do, a, and a, are of order unity 
and that k<q for situations of current interest, and 
assume that all integrals over nuclear densities can be 
represented by a common form factor F. Then Eq. (15) 
is of order eFQ/q’, where Q is the total charge involved 
in the transition. 

The first (magnetization) term in Eq. (16) involves a 
derivative operator which, by partial integration, is seen 
to introduce a factor of order g. The vector r introduces 
a factor R, which is an average radial distance from the 
center of the nucleus for the main contributions to the 
integral; for large g, R is expected to be somewhat 
larger than 1/¢ and somewhat smaller than the nuclear 
radius. Then the order of magnitude of this term is 
(eF/q)(qR)(Q’'h/Mc), where Q’h/Mc is the total mag- 
netization involved in the transition, and M is the 
nucleonic mass. In the second (current) term of Eq. 
(16), the two derivative operators introduce a factor gq’, 
and there is again a factor R. Thus its order of magni- 
tude is (eF/q)(R/c)Q”v, where Q’’n is the total current 
involved in the transition, and v is the nuclear convec- 
tion velocity associated with motion of the charge Q”. 

In similar fashion, we find that the current and mag- 
netization terms in Eq. (17) have the orders of mag- 
nitude (eF/cq*)gRQ’» and (eF/cq*)(cq’R)(Q'h/Mc), 
respectively. 
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If now we call the order of magnitude of Eq. (15) 
unity, then the relative orders of magnitude of the 
magnetization and current terms in Eq. (16) are, 
respectively, 


(gR)(gh/Mc)(Q’/Q), (gR)(v/c)(Q”/Q), 


and the orders of magnitude of the current ard mag- 
netization terms in Eq. (17) are, respectively, 


(gR)(2/c)(Q"/Q), (gR)(gh/Mc)(Q’/Q). 


For large-angle scattering of electrons with about 200- 
Mev energy, gh/Mc~} and gR~3. For single-particle 
excitation of a nucleus, Q, Q’, and Q” are all expected to 
be of order unity, and v/c~4. For a collective mode of 
excitation, Q’ should still be of order unity, Q and Q” 
should have the same order of magnitude and be much 
larger than unity, and o/c should be much less than . 

We conclude, therefore, that for single-particle excita- 
tion in this energy range, all terms of Eqs. (15), (16), 
and (17) can be of the same order of magnitude. For 
excitation of collective modes, on the other hand, it is 
likely that Eq. (15) is not only the leading term for the 
electric multipele transitions, but is significantly larger 
than either of the magnetic multipole terms, which are 
comparable with each other. Further, if we assume that 
the current density associated with a collective mode is 
irrotational, then curl j=0 and the current terms in 
Eqs. (16) and (17) are zero. 

It may be noted at this point that summation of Eq. 
(15) over / yields, with the help of Eq. (7), 


> H', = — (4neas/¢') pdr. (18) 
I 


This is just what would have been obtained if only the 
first factor in Eq. (1) had been retained, and the static, 
nonretarded, Coulomb interaction had been used in 
calculating y. Thus the present paper provides a 
justification for the use of this term by itself, at least so 
far as excitation of collective nuclear oscillations is 
concerned." 


V. DIFFERENTIAL SCATTERING CROSS SECTION 


Each of the interaction energies (15) through (18) is 
of the form AV, where A is one of the quantities ao, 
a,+ia,, @y+ia,, which involves only the electron spin 
functions, and V involves only integrals over nuclear 
quantities. In order to obtain a differential scattering 
cross section, it is necessary to sum |AV|? over final 
electron spin states, average over initial spin states, 
multiply by 27/h times the energy density of final 
electron states, and divide by the incident electron flux. 

In the extreme relativistic region, the spin sum opera- 
tion on | A|? yields cos?4@ when A=do, where @ is the 

3A. Bohr, Rotational States of Atomic Nuclei (Ejnar Munks- 
gaards Forlag, Copenhagen, 1954), Appendix. 


4 Equation (18) has been used in much of the earlier work on 
inelastic electron scattering (see reference 10). 
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angle between po and p. When A=a,-tia, or A=a, 
¥ia,, the spin sum leads to 


C (pot p)*(1—cos)— pop sin” 1/h2g? 





={1+sine(4]| 1+ 


2p? 
2popl 1 Semi 


1 
x|1+——_|, 
4 pop sin?(40) 

except for very small scattering angles, this is very 
nearly equal to [1+sin*($6) ] when the nuclear excita- 
tion is moderate. The last group of multiplicative factors 
involving the incident flux and the density of final states 
is, in the extreme relativistic region, (p/2mh’c)?. Thus 
the differential scattering cross section per unit solid 
angle is equal to [p cos(}@)/2h’c ?|V|? when either 
(15) or (18) is used for V, and is approximately equal to 
(p/2mh*c)*{1+-sin?(40) ]| V|? when either (16) or (17) is 
used for V. 


VI. COMPARISON WITH RADIATIVE TRANSITIONS 


It may be desirable in some cases to relate the 
inelastic electron scattering cross section to the radiation 
probability for the same nuclear transition. We therefore 
examine the expressions for the electric and magnetic 
l-pole moments, which are respectively® 


rv etedr—ik+1) frV in? div(rXM)dr, (19) 


—Cell+ 1) fv div(rXj)dr 


- ft divMdr. (20) 


Estimates like those of Sec. IV show that the relative 
orders of magnitude of the two terms of (19) and the 
two terms of (20) are 


1, (kh/Mc)(Q'/Q); 
(v/c)(Q”/Q), (h/McR)(Q'/Q). 


Here, R is the nuclear radius. Since kh/Mc<1, the first 
term of Eq. (19) dominates the electric /-pole moment, 
whether the nucleus undergoes a single-particle or 
collective transition. Likewise, the first term of Eq. (20) 
is the larger in the single-particle case, while the two 
terms are more nearly comparable for a collective 
transition. 

It follows that there is a close relation between the 
leading terms for electric multipole transitions in the 
radiative case [first term of Eq. (19)] and in the 
electron excitation case [ Eq. (15) ]. The same quantity p 
appears in both terms, and indeed the former is simply 
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the first term in the expansion of the latter in powers of 
q. A similar relation obtains between the first (current) 
terms of Eqs. (17) and (20) in the magnetic multipole 
case, since r-curl j= —div(rXj). However, the second 
(magnetization) terms are much less closely related to 
each other, and this term is more important in the 
electron excitation than in the radiative case. Thus it is 
much easier to connect the probabilities for the two 
types of transitions in the electric than in the magnetic 
multipole case; an assumption must of course be made 
concerning the radial dependence of p (see for example 
Sec. VIII). 


VII. ELECTRIC MONOPOLE TRANSITIONS 


The electric monopole interaction energy H’o,o‘” is 
responsible for the elastic scattering from a static 
spherically symmetric charge density, which is the 
expectation value for the nuclear ground state. In this 
case, either Eq. (15) or Eq. (18) can be used. 

The transition between nuclear states with total 
angular momentum /=0 and the same parity (which is 
even in all known cases), is of considerable interest. It is 
essential to realize here that the orthogonality of the 
initial and final nuclear states makes {dr vanish. 
Thus for small g, the apparently leading terms in Eqs. 
(15) and (18) are actually zero. As a reminder that this 
occurs, one should replace the spherical Bessel function 
in Eq. (15) by jo(gr)—1, and the exponential in Eq. (18) 
by exp(iq-r)—1. Thus for small g, the electric monopole 
and electric quadrupole transitions have the same q 
dependence. 

The difference in behavior between the elastic and 
inelastic monopole transitions corresponds to the fact 
that a static spherically symmetric charge density has a 
field that extends to large distances, whereas a radially 
oscillating charge density has no time-dependent field 
external to itself. Therefore interaction with the spheric- 
ally symmetric part of the electron potential can occur 
only through its variation over the nucleus, and the 
leading term, which is independent of 7, results in no 
interaction. 


VIII. COLLECTIVE ELECTRIC QUADRUPOLE 
TRANSITIONS 


There is a close relation between the contribution of 
the static nuclear electric quadrupole moment to the 
elastic scattering’ and the contribution of the transition 
quadrupole moment to the inelastic scattering. This is 
because the collective model relates both the static and 
the transition moments to an intrinsic quadrupole 
moment."+!6 The relation is worth exploring, since with 
imperfect energy resolution the two effects may be 
experimentally indistinguishable. 

6 L. I, Schiff, Phys. Rev. 92, 988 (1953). 


% A, Bohr and B. R. Mottelson, Kgl. Danske Videnskab. 
Selskab, Mat.-fys. Medd. 27, 16 (1953). 


SCHIFF 


In both cases we use Eq. (15), and neglect the differ- 
ence between the two values of q for the same incident 
electron energy and angle of scattering. We consider 
first the case of a uniformly charged nucleus of radius R, 
for which the quadrupole parts of the static and 
transition charge densities both have the approximate 
form 6(r—R).'5"6 Then the integral in Eq. (15) in the 
static case is equal to that in the transition case for all 
values of g, except for a multiplicative constant. For 
small g, the integral is proportional to the static 
quadrupole moment Q in the elastic case, and to the 
transition quadrupole moment in the inelastic case, both 
of which can be expressed in terms of the intrinsic 
quadrupole moment Qo. The two integrals can then be 
expressed in terms of Qo for small g, and hence also for 
all q. 

It seems plausible to assume that the situation is 
similar when the nucleus is not a uniformly charged 
sphere; this situation is now under study. We assume 
that the static and transition quadrupole charge densi- 
ties have the same radial dependence, so that the elastic 
and inelastic form factors are constant multiples of each 
other for all g. They can then be related to Qo for small q, 
and hence found for all ¢ if some radial dependence is 
assumed. 

From Eq. (15) and Sec. V, the differential cross 
section for elastic scattering is given by [compare with 
Eqs. (2) and (14) of reference 15] 


o.(0)=[e? cos*(40)/4E? sin*(4) ]| F.|?, 


|F.)?=(20+1)" 2 


mi mys 


(4m)! f Cjo(9r) Yoo 


(21) 


—54j2(qr)V20loe(mi,my)dr| , 


where p.(m,,m,) is the matrix element of the static 
charge density between initial and final magnetic sub- 
states of the nuclear ground state of total angular mo- 
mentum /.'? We choose the axis with respect to which 
the magnetic substates are defined as q, which is the axis 
of Y 4, in which case the integrals fail to vanish only if 
m ;=m,;. We call this common value m, and note that the 
Yoo part of the integral is independent of m, while the 
Yoo part of the integral depends on m through the 
factor'® 


fm=(3m?— I (1+1)/1(21—1) 


17 Alternatively, p.(r) may be regarded as an operator (see 
reference 5), and the matrix element taken after the integration is 
performed over r; all results are the same. 

18 Reference 8, p. 28. The numerator of /m is the quantum- 
mechanical transcription of P:(cos@), and the denominator merely 
normalizes it so that f;=1. Thus the fact that /,, is indeterminate 
when /=0 or } is not significant; in these cases fm should be 
regarded as zero since the numerator vanishes. Equation (24) is 
consistent with this interpretation. 
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in the following way: 


\P.l*=[4x/(21+1)15| 


J istaott,Dar 





— (20) fgRe f jo¥ oaps(T,I)dr f je¥aepe(I,Didr 


+5 fa? f j2Ve.(I,Ddr . 


Now >> m fm=0, so that the interference term vanishes. 
Also, 


= (+1) (27+1) (21+3)/S1(2I—1), 


where A, is the quantity defined in reference 15. We 
thus obtain 
2 


\F.|t=4e| f 4oY owe(I,I)dr 


+((+1) (21+3)/1(27—1)] 


x| firmed Dar |. (22) 


The first term of Eq. (22) gives the scattering from the 
spherically symmetric part of the nuclear charge den- 
sity, and the second term we call the quadrupole part of 
the elastic scattering. 

In order to relate the second term of Eq. (22) to the 
intrinsic quadrupole moment Qo, we note that for 
small g, 


f ja¥ p.(I,1)dr—>(¢/15) 
x f PV 2p.(I,I)dr= (g2/15) (5/16) 0, 


where the observed quadrupole moment (Q is given in 
terms of Qo by Eq. (V.6) of reference 16: 
Q=[1(2I—1)/(+1) (27+3) Qo. 


Qo is calculated in the same way as Q, except that the 
axis of Yo is the nuclear symmetry axis rather than I. 
Thus if we fix the magnitude of p, by the equation 


eQo= (16/5)! f *Y¥ wer, (23) 


and infer its shape in some other way, then the quad- 
rupole part of | F,|? is 
| Feq|*=4e(I(27—1)/(I+1)(2I+3)] 


x| J ier¥noate| . (24) 
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It must be remembered that in Eqs. (23) and (24), the 
axis of V9 is the symmetry axis of the nuclear charge 
distribution p,."* Note that there is no elastic quadrupole 
scattering if J=0 or 4, just as there is no observed 
quadrupole moment; the charge distribution as viewed 
by the incident electrun is spherically symmetric in this 
case, even though Qo may not be zero. 

The differential cross section for inelastic scattering is 
given by the first of Eqs. (21), with F, replaced by the 
quantity F;: 

[F.|?=(22;+1)7 D LF i(mim,0) |’, 


mi mys 


(25) 


where 


F ,(m;,m;,m) = — (20%)? f jatar) V ompi(mi,m dr, 


and p,(m,,m,) is the transition charge density between 
the initial state 7,, m,; and the final state Js, m,. Since 
the summations in Eq. (25) are carried over all m, and 
m, the result is independent of the axis chosen for Y 90, 
and hence has the same value if F ;(m;,m,,0) is replaced 
by F(m,,m;,m) where m is not necessarily equal to 
zero. Then 


[Fi |?=(S(27;4+1) PX XX Fi(mi,ms,m) |? 


m mi ms 


- (1/5)0 LF (mim s,m) i 


m mf 


the second equality holds because the summations over 
all m and m,; make the result independent of the value 
of mM. 

For small q, 


F «(mmm ,m)—>— (20r)¥(q2/15) f #¥ smps(mim;)dr. 


The reduced radiative transition probability is defined 
in Eq. (VII.2) of reference 16 as 


B(E2)=r fP¥am0.(mom dr , 


m mf 


so that for small g, 
| F,|2-»4ar(q?/15)?B(E2). 


There are in general two possible quadrupole transitions 
from the ground state /: to the first excited state 7+1, 
and to the second excited state 7+2.” From Eqs. (33) 
and (36) of reference 13, the reduced transition proba- 


% The averaging over nuclear orientations was not performed 
correctly in reference 15; the charge density defined by Eq. (17) 
of that reference is the same as the quantity p, of the present paper 
except for a normalization factor Ze, but in Eqs. (20) and (21), ps 
should be replaced by A jp2. This does not affect the estimate of the 
quadrupole scattering below Eq. (22), since only the ratio of (21) 
to (20) enters there. 

* Tf the ground state / is zero, the first excited state has J =2, 
and if the ground state / is $, the results below may be altered (see 
references 13 and 16), 
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bility in the first case is 
B,(E2) = (15/169) (eQo)*[1/(7+1) (1+2) ], 


and from Eqs. (34) and (36) of reference 13, this 
quantity in the second case is 


B,(E2) = (15/16) (eQo)*[2/ (I +2) (21+3) J. 
We thus find for the transition ]—+/+-1 and small ¢ 
| Fs |?9(5/4) (€Qo)?(4°/15)*L31/(I+1)(I+2)], (26) 
and for the transition J—/+2 
| F s2|*9(S/4) (€Q0)?(g°/15)"[6/ (1 +2) (27 +3) ]. 


We now assume that the extrapolation from small to 
large g can be made as in Eq, (24). We then find that the 
inelastic scattering is also described by Eq. (24), except 
that the square bracket there must be replaced by the 
square bracket in Eq. (26) or (27). Some numerical 
values are given in Table I. It must be remembered that 
these results may not apply when the ground state / is 
equal to }, and that Eq. (27) represents the transition to 
the first (not the second) excited state when J =0.” 

It is interesting to note that there is a kind of sum 
rule for the three kinds of quadrupole scattering, which 
are the only possible kinds 


(7 (21—1)/+1)(21+3))+[31/+1) +2) J 
+[6/(1+2)(27+3) ]=1. 


(27) 


Taste I. Values of the square bracket factors in Eqs. (24), (26), 
and (27), for a few values of J. 








Inelastic 
II +1, Eq. (26) 1-+1 +2, Eq. (27) 


Elastic 
II, Eq. (24) 





0 SERS, 1 
1/5 18/35 2/7 
5/14 10/21 1/6 
7/15 14/33 6/55 
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IX. CONCLUSIONS 


Excitation of nuclear multipole transitions by inelastic 
electron scattering occurs along with the elastic scat- 
tering of high-energy electrons. If sufficiently accurate 
measurements of the distribution of the scattered 
electrons in energy and angle can be made, the elastically 
scattered electrons give information concerning the 
static nuclear charge distribution, and the inelastically 
scattered electrons give information concerning both the 
strength and shape of the transition charge density. The 
static quadrupole scattering must be allowed for when 
interpreting the angle distribution of the elastically 
scattered electrons in terms of a radial distribution of 
nuclear charge. If the energy resolution is not good 
enough to separate the inelastic from the elastic scat- 
tering, then it must also be allowed for before the elastic 
scattering is analyzed. 

It is important to note that absolute measurements of 
the inelastic scattering are not necessary in order to 
determine the strength of the transition charge density. 
Analysis of the relative elastic scattering, even if no 
absolute cross sections are available, yields a shape for 
the static charge density. The magnitude of the nuclear 
charge is of course known, so that an absolute elastic 
cross section can be computed. Then comparison of the 
relative magnitudes of inelastic and elastic scattering at 
each angle gives absolute values for the former, from 
which the strength as well as the shape of the transition 
charge density can be determined. 

The order of magnitude estimates given in Sec. IV are 
of course not completely reliable, and simply indicate 
that Eq. (15) or Eq. (18) is likely to be the dominant 
term, especially for collective transitions, which appear 
to be much the strongest in any event. For single- 
particle transitions, where detailed nuclear wave func- 
tions are more likely to be available, it would be 
worth while to make more careful estimates of the 
relative importance of Eqs. (16) and (17). 
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A method of studying short-lived radio-nuclides produced by the internal beam ina synchrocyclotron is de- 
scribed. Preliminary results on a number of proton-produced activities in the mass range below 70 are given. 


HORT-LIVED activities induced in a target by the 

circulating beam of a 200-Mev proton synchro- 
cyclotron have been studied by use of detector close 
to the target and an electronic “time analyzer” for 
registering the detector pulses. 

The target is irradiated during a short time interval, 
of the order of the half-life of the activity under in- 
vestigation. After the beam has been shut off by pulsing 
the oscillator, the detector placed below the target 
starts detecting radiation. In order to determine the 
time distribution of the detector pulses, the latter are 
fed to a time analyzer with ten channels which are 
successively opened and closed. The pulses stored in 
a certain channel thus measure the radiation from the 
target at a certain time after the beam has been shut 
off. The time interval a channel is open is controlled 
by a pulse generator; it can be the same for all channels 
or it can be increased 2, 4, or 8 times for any desired 
channels. After this “count period,” which is of the 
order of a few half-lives, a recovery period begins, 
which allows more long-lived activities produced 
during the irradiation to decay. A new period of bom- 
bardment then follows and the whole cycle is repeated 
automatically. By thus adding the pulses from many 
repetitions of the cycle one can gain information about 
nuclei of fairly small production cross sections. Typical 
experiments involve 10 to 1000 repetition cycles. 

The range of half-lives which can be analyzed by the 
time analyzer extends from a few microseconds to 
seconds or minutes, At present there is no synchro- 
nization between the cyclotron “on” and “off” pulses 
and the modulation cycle. The lower limit is then 
about 1 millisecond. 

The detector consists of a plastic scintillation phos- 
phor placed in a heavy lead shield below the target 
and a Plexiglas light guide with a photomultiplier 
outside the magnetic field of the cyclotron. 8 rays are 
collimated into a vertical ray ky the magnetic field. In 
some early experiments a pair of proportional counters 
in coincidence were used. The pulses were fed to 
6AKS5 cathode followers. There was some trouble in 
making these work satisfactorily in the strong mag- 
netic field. 

Most of the experiments were done with a single 
scintillation counter. It was found that nearly all of 
the activity came from the target. During the cyclotron 
pulse a burst of scattered particles hits the phosphor 
and gives rise to many pulses. There is no gating of 


the amplifier. The counting, however, is started 2 
milliseconds after the cyclotron pulse and the amplifier 
employed is capable of heavy overloading with short 
recovery time. Some of the scattered particles give 
rise to nuclear reactions in the phosphor and the 
13-millisecond N" 8+ activity [C'*(p,n)N"] is found 
as a weak background in some cases when using a 
plastic phosphor. 


Some preliminary experiments on a number of 


TABLE I, Elements irradiated and activities found. Bombard- 
ments were normally made at proton energies of 23, 50, 80 or 100, 
130, and 180 Mev. The listed figure is the lowest energy at which 
the activity appears in appreciable amount. The purity of ele- 
ments markedf was only about 99 percent. 
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® See reference 1. 
» See reference 2. 
¢ See reference 3. 
4 See reference 4. 
© See reference 5. 
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elements have been made. Table I shows the element 
irradiated and the activities found. Some of the activi- 
ties have been investigated or discussed earlier.’~* 
Experiments are under way to study short-lived iso- 
meric states in some heavier elements, and also to detect 
short-lived a-decaying nuclides. In the latter case a 
thin layer of ZnS phosphor coated on Plexiglas has been 
used to discriminate a from 8 and ¥ pulses. 

Experiments will be carried out with more channels 
in the analyzer to facilitate resolution of the decay 

1R, K. Sheline, Phys. Rev. 87, 557 (1952). 

* T. Lauritsen, Ann, Revs. Nuclear Sci. 1, 85 (1952), 

* Glass, Jensen, and Richardson, Phys. Rev. 90, 320 (1953). 

*W. M. Martin and S, W. Breckon, Can. J. Phys. 30, 643 (1952). 


* Hollander, Perlman, and Seaborg, Revs. Modern Phys. 25, 
469 (1953). 
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curves and also perhaps with scintillation counters in 
coincidence. 

Mass assignments will be made mainly by the study 
of excitation curves. Properties of the radiation will be 
studied by pulse-height analysis of the crystal pulses 
at different times after the cyclotron pulse. 

The suggested assignments in Table I are from a 
simple consideration of preferred reaction types and 
estimates of thresholds, with some mass values ob- 
tained from the table of Metropolis and Reitwiesner.® 
It is probable that several corrections will have to 
be made as experiments proceed. 


®*N. Metropolis and G. Reitwiesner, Report NP-1980 (un- 
published). 
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The energy level shifts and level widths of the s states of the r-mesonic atoms are discussed. The dis- 
cussion is limited to fairly light nuclei. On the basis of Orear’s determination of the scattering lengths for 
meson-nucleon scattering, semiquantitative predictions are made. It is pointed out that even a knowledge of 


the algebraic sign of the level shift would be of value. 


I, INTRODUCTION 


EVERAL years ago! the low-energy properties of 
the x~-p, 2°-n system were discussed on the basis 

of a formalism closely related to that of Wigner and 
Eisenbud.? The system was treated as a two-channel 
nuclear reaction (taking into account only s state inter- 
action, which we shall also do here) with the boundary 
conditions at the surface of a sphere of a radius, the 
meson Compton wavelength being specified in terms of 
three real energy-dependent parameters. The only un- 
usual feature in the calculation is the treatment of the 
capture of a negative pion from a bound K orbit.’ 


'E. Fermi and M. L. Goldberger (unpublished); a short 
account of the work appears in Phys. Rev. 83, 239(A) (1951). 
An essentially equivalent derivation has recently been inde- 

pendently given by G. C. Wick (private communication). We are 
indebted to Prof. Wick for informing us of his results. 

2 E. P. Wigner and L. Eisenbud, Phys. Rev. 72, 29 (1947). 

* The usual formulation of reaction theory deals with scattering 
rather than bound states. The necessary formal extension of the 
theory was later given independently by J. B. Ehrmann, Phys. 
Rev. ‘s, 412 981). Our problem is much simpler in that the 
small level shift and level width enables us to approximate the 
Coulomb functions in a simple way. 


There appear quite naturally in the calculation the 
shift of the Bohr level associated with the pion-proton 
interaction and the width of the level due to the capture 
process. It is the purpose of the present note to deduce 
the level shift and level width in mesonic atoms in a 
more elementary and to a certain extent a less phe- 
nomenological manner than was done previously! and 
further to discuss briefly the possibilities of comparison 
with experiment. 


II. DERIVATION OF THE LEVEL SHIFT 
AND LEVEL WIDTH 


Before taking up the details of the calculation it is 
expedient to discuss the rather peculiar role played by 
the Coulomb field in the mesonic atom problem as well 
as in the ordinary low-energy scattering. The Coulomb 
force is of course essential for the very existence of 
mesonic atoms and its influence on the low-energy 
scattering is quite marked in so far as the interpretation 
of the data is concerned. On the other hand, provided 
that the nuclear charge is low (exactly how low will 
appear later) the Coulomb field may be treated very 
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simply, and in the scattering problem may be almost 
ignored since it scarcely influences even the zero energy 
scattering lengths, in contradistinction to the familiar 
proton-proton situation. There are two reasons for this: 
(1) The relevant parameter in the expansion of the 
reciprocal of the scattering length in terms of zero- 
charge quantities is the ratio of the range of the meson- 
nucleon interaction divided by one-half of the mesonic 
Bohr radius* and this is a number of the order of 
2Z/137 as compared to the nuclear case where it is 
about 1/10; and (2) the meson nucleon scattering 
lengths are small compared to the force range and one is 
not faced with a near resonance at zero energy which 
greatly magnifies the Coulomb corrections to 1/(scatter- 
ing length) in the p-p problem. Because of the second 
circumstance we can tolerate quite large values of Z, 
say up to about 30. The capture rate for elements 
heavier than about oxygen is so rapid (from s states) 
that this restriction is unimportant. 

We now proceed to the actual calculation. We write 
the Schrédinger equation for the complete system as 


(K+C+V)¥= EW, (1) 


where K is the kinetic energy operator which is taken 
to include the n-p and x~-x° mass differences, C is the 
Coulomb interaction, and V is the pion-nucleon inter- 
action. (We consider first the #~-p system and will 
later generalize to the case of a nucleus.) We do not 
imply that V is anything like a point potential in 
configuration space ; it is necessary to assume only that 
it is effectively a short-range interaction. We choose as 
the zero of energy the energy of a negative pion 
and a proton infinitely far apart. Thus, because of 
the mass differences, even negative energies down to 
—[(M,—M,+M,-—M,°]~ —3.6 Mev are not station- 
ary states. We ask now for the energy level shift due 
to V of a negative pion bound in a K orbit of energy Eo. 
If W is the complete wave function and Wo that of the 
stationary Bohr orbit which exists if V is zero, we may 
write 


VW =WVot (1—Po)¥ 


= [1+ 
where Po is the projection operator onto the state Vo 
and we have chosen the normalization so that (Wo,¥) = 1. 
(We imagine the system to be enclosed in a large box, 


as usual.) From Eq. (1) and the equation satisfied by 
Vo it follows immediately that 





—(1-P,)V lh, (2 
EOK—U~(1=PoV. » @) 


1 
E-K-C—(1—Py)V 
x (1—Ps) v}m). (3) 


4G. F. Chew and M. L. Goldberger, Phys. Rev. 75, 1637 
(1949), 





$E=E-—Ey= (v. [y+ V 
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This expression, which is exact, is to be compared to 
the matrix element describing the forward scattering of 
positive energy pions by protons (neglecting Coulomb 
effects), namely, 


Roo= (x0,R(E4)x0) 


1 
wi ( ye [y+ v——_vlu), (4) 
E,—K—V+ie 


where xo represents a plane wave state corresponding 
to the relative motion of a negative pion and a proton 
with the positive energy Z,, normalized to unity in a 
box of volume 2. We wish to see to what extent the 
energy shift, Eq. (3), may be expressed in terms of Roo. 
If we were to neglect the Coulomb field inside the 
square brackets of Eq. (3), which means setting C 
and P» equal to zero, we would have very nearly the 
expectation value of the operator R occurring in 
Eq. (4). There are two differences, namely, the numeri- 
cal value of the energies, and the presence of the 
outgoing wave instruction, “ie,” in Eq. (4). As to the 
first we shall set E,=0 so as to deal eventually with 
conventional zero energy scattering lengths and then 
assume that the energy variation of the operator in 
going from zero to about —3200 ev (in the case of H, 
and about Z*3700 ev for a nucleus) is unimportant. 
If what is essentially the real part of the operator R is 
chosen by using a principal value rather than the ‘‘ie,” 
the second of the above differences disappears, since in 
our quasi-continuum situation (which becomes a true 
continuum as 2— @) such principal values are implied 
in Eq. (3). More precisely, the real part of Roo is ob- 
tained by using principal values instead of the “ie” 
conditions. This feature is not changed by the presence 
of Wo in Eq. (4) rather than xo. We may write then 
finally 


bE~Re(Wo,R(0)Wo). (5) 


If we now make use of the assumed short range of V to 
replace the wave function by their values at the origin, 
we may write 


5E~Re| Vo(0) |°2(x0,R (0) x0). (6) 


If we were to simply insert R(O) with the “ie” in- 
cluded in place of the bracket in Eq. (3), we would 
obtain Eq. (6) without the instruction to take the real 
part, and we obtain an imaginary contribution to the 
level shift which is, of course, interpreted as the level 
width. To save writing we shall use such complex 
energy shifts. We may relate (xo,R(0)xo) to the zero 
energy scattering length, a(#~), for ordinary (non- 
exchange) scattering of negative pions by protons 
according to 


2(x0,R(0)x0) = — (24 /f)a(x-), (7) 


where fi is the reduced mass of the pion-proton system. 
The total level shift (real and imaginary parts) is 
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given by 
bE= — (2/f)|VYo(0) |?a(x-). (8) 


In the next section we shall compare these predictions 
with experiment. 


Ill. COMPARISON WITH EXPERIMENT 


To the zeroth order in the mass differences, a(7~) may 
be expressed directly in terms of the scattering lengths 
for states of isotopic spin 4 and $ which we shall call 
@ and dy respectively. We have 


a(m~) = 4(2a,+<4,). (9) 


In this approximation a(x~) is real, since there is no 
decay if the mass difference vanishes. Inserting the 
value of |W(0)|*, namely 1/xr,* with rg the mesonic 
Bohr radius (1/je*), we obtain for the level shift in 
hydrogen 


6E/Eo= —4(2a,+45)/3rz, (10) 


where Ey is the Bohr energy, e/2rp. For a nucleus of 
charge Z, assuming the effects of the various nucleons 
are simply additive, and recalling that the ~-m scatter- 
ing length is ay, we find 


4Z[2 3N+Z 


(11) 


'sB 


Ez is in Eq. (11) the Bohr energy appropriate to a 
nucleus of charge Z. Taking the values of a; and a, 
given by Orear,® namely a,;=0.16/u, a3= —0.11/u, we 
find for hydrogen 6E/Eo~—1.8X 10 and 6E~—6 ev. 
For a nucleus with N= Z, 6E/Ez~+ Z?/850. We must 
expect our approximations on the Coulomb field to fail 
when 5E/Ez~1 so that we restrict our attention to 
Z&30. A particular case of interest is Be*, for which we 
obtain 6E~+1850 ev. The corrections due to finite 
mass differences cannot be calculated without a specific 
model, but the considerations of the capture process to 
be treated immediately below indicate that they are 
small. There is of course also a level shift due to the 
extended electric charge in a nucleus other than hydro- 
gen but this is very small compared to those considered 
here, for light nuclei. 

The imaginary part of the level shift, i.e., the level 
width, involves a knowledge of the imaginary part of 
a(x~) at zero energy. This quantity may be computed 
directly from the unitarity condition on the R matrix,® 
namely 


—ImRee= Xo | Real *6(E»— Ea), (12) 


applied to a state a representing a zero kinetic energy 
pion and proton. The only states 6 that make a non- 


6 Jay Orear, Phys. Rev. 96, 176 (1954). 


* B. Lippmann and J. Schwinger, Phys. Rev. 79, 469 (1950). 
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vanishing contribution are those associated with the 
capture process and we find from Eq. (12), using 
Eq. (7), 

Ima(x~) = qioe/(4x)=q|a(r*—a~)|?, (13) 


where q is the relative momentum of the 2°-n system, 
related to the mass difference by ¢’/24=6M, and gio is 
the product of the (zero) momentum of the incident 
pion and the charge exchange cross section at zero 
energy; a(r—~) is the charge exchange scattering 
length. From Ey. (8), then, we find an imaginary con- 
tribution to the level shift, namely, 


Im(6E/E) = —4(qgrp)|a(x%—2-)/rp|?. 
To zero order in g, a(x—1-) is given by 
a(w'«—n~) = 3(2)*(a,—as), (15) 
and thus we find from Eq. (14) a level width 
('=—Imé£), 
I'/ Eo= (8/9) (qr) | (a:—as)/r|?. (16) 


For a nucleus of charge Z (since only the protons con- 
tribute to the capture process considered here), 


l'/Ez= (8/9)Z*(qrz) | (ai—a3)/rp|?. (17) 


In hydrogen, I'~0.3 ev, whereas in Be it is about 77 ev. 
Thus in both cases the level width is much smaller 
than the level shift and consequently the expansion in 
powers of grg which we have used should be quite 
accurate. This parameter is about } and the correction 
terms to both the level shift and the width are propor- 
tional to (grs)*. 


(14) 


Iv. CONCLUSIONS 


We shall not enter into an exhaustive discussion of 
the various effects which can contribute to the level 
width and level shift which have not been considered 
here. For light elements the effect we have been dis- 
cussing would appear to be the most important. There 
may be significant contributions to the width due to 
star formation, but the level shift is probably not 
greatly affected. The only measurements of the level 
shift carried out to date are some very preliminary 
ones at Carnegie Tech’ on Be® which show effects of the 
same order of magnitude as those considered here. 

It would be of considerable interest to know even the 
algebraic sign of the level shift in several elements, for 
this alone would enable us to draw some conclusions 
about the signs of the scattering lengths. For example, 
Orear’s assignment yields always a positive 5E (i.e., less 
binding, a repulsive interaction) whereas any assign- 
ment which makes a, and a; both positive leads to 
tighter binding, negative 5E’s. 


7 Private communication from Professor de Benedetti to Pro- 
fessor Fermi. 
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The spectrum of cosmic-ray events induced in a Nal(TI) scintillation spectrometer has been observed 
near sea level. The high-energy bursts so observed are interpreted as due mainly to nuclear interactions in 
the crystal with an energy distribution given by the power law N(E)dE« E~*dE. The attenuation length 
for the star-producing component in concrete is found to be 200+25 g/cm*. 





¢ 


HE differential distribution of energy releases or 
bursts due to cosmic radiation in an unshielded 
NalI(TI) crystal near sea level (elevation 775 feet) has 
been observed during a period of 3000 hours. The 
experiment is similar to burst studies with ionization 
chambers,! differing in that a medium-Z solid detector 
is employed. The use of Nal has an advantage in that 
its density and constituent atomic numbers are close 
to that of photographic emulsions, hence comparison 
of results by the two methods is made easier. 

Two scintaillation spectrometers were employed, 
each consisting of Nal crystals (diameter 34 inches, 
thickness 2 inches) mounted on DuMont K1198 photo- 
multipliers. The amplified spectrometer pulses were 
lengthened and displayed by pen recorders. Energy 
calibration was in terms of a 2.6-Mev gamma ray, 
assuming linearity. 

The observed distribution is given in Fig. 1. The 
feature A is due to singly charged relativistic particles, 
mainly ~ mesons, passing right through the crystal.? 
Beyond about 100 Mey the distribution can be repre- 
sented by a power law N(E)dE« E~dE, with y=3.6 
+0.2. There is some deviation from this at very high 
energies, possibly due to extensive air showers. For 
reasons outlined below it is thought that almost all 
of the events >100 Mev are due to stars or nuclear 


40 


230 








Fic. 1, N represents the hourly rate per 10-Mev interval and E 
is the energy in Mev. Standard deviations are indicated where 
they are appreciable. 


* Supported by the National Research Council of Canada. 

1See for example, C. N. Chou, Phys. Rev. 74, 1659 (1948); 
H. Carmichael and J. F. Steltjes, Phys. Rev. 93, 913 (1954). 

* A. Hudson and R. Hofstadter, Phys. Rev. 88, 589 (1952). 


interactions initiated in the crystal by the V component. 

Preliminary coincidence measurements indicate that 
less than 3 percent of the events greater than 100 Mev 
in one counter are accompanied by events of at least 
20 Mev in the second counter when they are placed 
close together. Thus the contribution of events > 100 
Mev by showers originating outside the detectors is 
small. Further, charged cosmic ray particles just coming 
to rest in this size of crystal would not liberate sufficient 
energy to seriously alter the above interpretation, For 
example, protons just coming to rest in this detector 
would give pulses of energy from about 120 to 150 Mev. 

George and Evans’ give the frequency of stars with 
3 or more prongs in emulsion to be 1.46+-0.07/ce day. 
For such 3-pronged stars Tidman and Hodgson‘ de- 
termined the mean total energy of the low- and medium- 
energy particles (ionization > 1.5 minimum ionization) 
as 196+18 Mev of which about 55 percent is taken by 
neutrons. Translating the above frequency figure to the 
Nal detector used here, one would then expect about 
23 such events per hour. A frequency of this magnitude 
is found for events >140 Mev, indicating that this 
detector captures a large fraction of the energy liberated 
in such stars. 

With the assumption that over a limited energy range 
the Nal detector captures a fixed fraction of the total 
star energy the distribution of star energies is then 
given by the power law above. This is not in agree- 
ment with the results of Barton ef al.5 who, using emul- 
sions, also find a power law distribution with y=2.6 
+0.1. The reason for this discrepancy is not clear. It 
should be noted, however, that the present method gives 
a direct measurement of energy loss in the detector. 
The results of Barton et al. are obtained indirectly by 
determining the prong number distribution and using 
corrected data for total star energy vs prong number. 

The above experiment has also been performed in a 
basement laboratory, the total thickness of concrete 
above the detectors being about 3 feet. The distribution 
is attenuated but similar to that in Fig. 1. Comparison 
of integral counting rates above 100 Mev gives an 
attenuation length of 200425 g/cm* for the star- 
producing component in concrete. 

3E. P. George and J. Evans, Proc. Roy. Soc. (London) A63, 
1248 (1950). 

4D. A. Tidman and P. E. Hodgson, Phil. Mag. 43, 992 (1952). 


5 Barton, George, and Jason, Proc. Roy. Soc. (London) A64, 
175 (1951). 
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An argument based on the impossibility of satisfying Mach’s principle within general relativity is given 


which leads to the idea of unified field theory. A possible alternative is discussed. 





T is interesting to discuss whether there is an argu- 
ment, based on classical physics, which would 
suggest that a unified field theory of some sort is de- 
sirable. By unified field theory is meant a theory in 
which “matter” or the sources of the space-time field are 
absorbed into the field itself, so that one has a set of 
homogeneous partial differential equations. I have tried 
to examine this question from the point of view of 
Mach’s principle, which can be stated : The local inertial 
frame (the coordinate system in which Newton’s laws 
are obeyed) is determined by the matter in the universe. 
Mach’s principle is a statement concerning the relation 
between space-time and matter which asserts the sub- 
ordination of space-time to matter. It is important to 
determine the status of Mach’s principle, because if 
Mach’s principle is either contained in general relativity, 
or can be satisfied in it ; there is no classical argument for 
the radical approach of unified field theory which 
usually asserts the identity of space-time and matter. In 
other words, if Mach’s principle holds, we can retain the 
apparently observed distinction between space-time and 
matter and at the same time eliminate the absolutes of 
Newtonian physics. However, if it is impossible to con- 
form to the principle in general relativity, then we can 
no longer preserve the separation between matter and 
space-time once the field-theoretic approach of general 
relativity has been adopted. If matter cannot be con- 
sistently regarded as the source of the field, we must 
treat it as part of the field. In this case, once one has 
accepted general relativity, one is impelled to go all the 
way to unified field theory. 

It seems apparent that general relativity does not 
contain Mach’s principle in the sense that solutions of 
the field equations can be found which are inconsistent 
with the principle. One example of this is the Schwarz- 
schild solution for a centrally symmetric field. In this, 
space is flat—Minkowski space—at large distances from 
the gravitating particle, and therefore is a space of 
definite properties uninfluenced by matter. Also, Taub 
has found solutions of the field equations which do not 
represent flat space and yet contain no matter.! 

The question remains: can one find solutions of the 
field equations of general relativity which conform to 
Mach’s principle? Another form of this question is: 


* National Science Foundation Predoctoral Fellow. 

t Present address: Department of Physics, University of Miami, 
Coral Gables, Florida. 

' A. H. Taub, Ann. Math. 53, 472 (1951). 


Givea arbitrary bodies in motion, can one calculate 
what will be the local inertial frame and so verify the 
theory? (The calculation of the local inertial frame can 
be tested by experiment, for in it the plane of vibration 
of the Foucault pendulum will be stationary.) That this 
question should be answered affirmatively is suggested 
by two results: (1) The calculations of Thirring? show 
that a particle which is placed at the center of a massive, 
rotating, spherical shell (rotating with respect to the 
distant matter in the universe) should experience 
Coriolis and centrifugal forces caused by the rotating 
shell. (2) Similarly, one can show’ that the inertia of a 
test particle is increased by the presence of massive 
bodies, and that a test body will experience a parallel 
acceleration when neighboring masses are accelerated. 

There is, however, a basic difficulty. The calculations 
mentioned above are carried out for a situation in which 
the properties of space-time are largely known in ad- 
vance, and all we have to do is to determine the effect of 
a small perturbation. Analysis of these calculations 
reveals that it is impossible to generalize them so that 
we can determine the inertial properties of a particle by 
considering the effect of all other bodies, unless some 
fundamental assumption is made in advance (which is 
not contained in general relativity) about the properties 
of space-time. 

The first problem is the question of boundary condi- 
tions. The field equations of general relativity are a set 
of partial differential equations, and in order to specify a 
solution‘ it is necessary to supply boundary conditions. 
These conditions are not contained in the theory; they 
are added from outside. Even the condition of closure of 
the universe, which is essential to the cosmological 
satisfaction of Mach’s principle, has to be imposed on 
the theory.® 

The second and more serious problem is that it is 
difficult to understand the motion of matter without 
prior knowledge of the space-time field to be calculated. 
In order to know the motion of matter, it is not sufficient 
to specify the coordinates for the particles considered ; it 
is necessary to set up the source function for the 
gravitational field; the stress energy tensor 7; in the 

*H. Thirring, Physik. Z. 19, 33 (1918); 22, 29 (1921). 

3A. Einstein, The Meaning of Relativity (Princeton University 
Press, Princeton, 1953), fourth edition, p. 100. 

‘This can, of course, only be done up to a coordinate trans- 
formation, 

5 One may consider adopting a system consisting of differential 


equations plus boundary conditions. This requires the explicit 
introduction of an extra hypothesis about space-time. 
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equation 
Rie— 3g iunR=hT in. (1) 


In order to determine the stress-energy tensor it is 
necessary to know the laws governing the behavior of 
matter. Because of the existence of nongravitational 
forces, these have to be added to general relativity from 
outside. When these laws are written in a covariant 
form, they will contain the components of the metric 
tensor or related quantities. Consequently we will not be 
able to understand matter apart from space-time. This 
is in accord with the previously mentioned result that 
the inertia of a body is increased by the presence of other 
bodies. For example, consider the case of free particles: 
The contravariant stress-energy tensor can be written 
(if pressure is neglected) : 

dx‘ dx* 
T= p— —. (2) 
ds ds 
Not only do the velocities dx‘/ds depend on the field, but 
we must in the general case supply a rule by which the 
particle density p may be calculated, and include in this 
the effect of the gravitational field on the masses of the 
particles. 

The example of the cosmological solutions of general 
relativity will serve to illustrare some of these problems. 
In order to begin, it is necessary to impose the cosmo- 
logical principle or its equivalent; the universe appears 
homogeneous and isotropic to any (fundamental) ob- 
server. This is an extremely powerful assumption as 
Milne has demonstrated, and is consistent with general 
relativity but certainly not required by it. From the 
cosmological principle it follows that the metric of 
space-time can be put in the form 


R*(1) 
{ (de')*+ (dx)? + (dx8), 


3 
1+4hr @) 


ds*=de— 


The equations of general relativity give an equation 
for R(t) which can be integrated, but it remains neces- 
sary to specify the constant k, the curvature of space, 
as positive, negative, or zero. The case of positive curva- 
ture conforms to Mach’s principle. 

It is apparent that the theory of general relativity is 
incomplete: it is necessary to supply additional assump- 
tions about the relation between matter and space-time 
which are not contained in the theory. There seem to be 
two conceivable solutions to this problem which pre- 
serve the field-theoretic approach : 

(1) We can abandon Mach’s principle and with it 
attempts to subordinate space-time to matter. Instead, 
we look for general laws of the space-time field and try 
to derive from these laws the behavior of matter, which 
is to be constructed from the space-time field. This is 
the approach of unified field theory. It is supported by 
the beautiful result of general relativity, that if we 
regard gravitating particles as singularities in the field, 
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then the equations of motion of these particles can be 
obtained from the field equations. 

(2) The second approach, suggested by Professor J. 
A. Wheeler, is less radical. If we knew additional rela- 
tions between matter and space-time, we could supple- 
ment general relativity and hope to obtain a self- 
consistent scheme. There is at least one situation in 
which this can be done: the case in which matter 
consists of an electromagnetic field. The energy tensor is 


(4) 


1 4 
T n=—(F iaF* —iF, Fab ik). 
ve ‘ alg ix) 


The laws governing the electromagnetic field are just 
Maxwell’s equations 





OF i, OFn: OF u 
+ + 


ox! a Ox! = Ax* 


=0 (5) 


0 
—(/(—g) F**)=0. (6) 
Ox* 


We can hope to be able to construct such a system in any 
case where the laws of matter are sufficiently well 
known. Such a theory possesses at least one of the 
characteristics of a unified field theory; for it is no 
longer possible to distinguish source from field; matter 
and space-time enter on an equal basis.* Consequently, 
Mach’s principle is not observed. The difficulty with 
boundary conditions is not surmounted in this kind of a 
theory. The boundary conditions have to be added 
explicitly as an extra hypotheses. This is legitimate 
since Mach’s principle has been abandoned. (The 
situation as regards boundary conditions in unified field 
theories is still unclear, because nothing is known about 
allowable solutions.) It may be that a more conservative 
theory of this sort is preferable at the present stage of 
science because one is more certain of the component 
parts. 

The conclusions of this argument are the following : It 
is impossible to satisfy Mach’s principle within general 
relativity because matter cannot be understood apart 
from knowledge of space-time. If the approach of field 
theory is accepted, it is necessary to construct a theory 
in which matter and space-time enter as equals. There 
are at least two possibilities of doing this. 

I wish to thank Professor J. A. Wheeler and Professor 
A. Einstein for valuable discussions. This note was 
stimulated by the conflict of their views. I also wish to 
thank Mr. J. R. H. Dempster for his criticisms and 
suggestions which have contributed greatly to the 
clarification of my ideas. 


*7, A. Wheeler, Phys. Rev. 94, 773 (1954). The system of 
Maxwell’s equations and the field equations of general relativity 
is being integrated by Professor Wheeler for a special case. 
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APPENDIX 


Professor Einstein has proposed unified field theory as 
an alternative to quantum theory because he believes 
that quantum theory, based essentially on probabilities, 
cannot give a complete description of nature. Many 
physicists who are skeptical of the ability of unified 
field theory to yield all the verified results of quantum 
theory, do not share this attitude. It is too early to 
pass judgment on this attempt. However, it may be 
observed that his theory will either be able to handle 
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quantum phenomena or it will fail completely. I refer 
in particular to the existence of a sharp value for the 
elementary electric charge. It has been shown’ that 
if solutions of Einstein’s unified field theory are admitted 
which depend continuously on a parameter (i.e., a 
spread in value for the electronic charge), then the 
Coulomb law can never be satisfied. It may be concluded 
from this and other work that the theory is either 
extremely powerful or useless. 


7C. P. Johnson, Phys. Rev. 89, 320 (1953). See also A. Einstein, 
Phys. Rev. 89, 321 (1953). 
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Gupta’s method of the indefinite metric is at this time for many purposes the most satisfactory method of 
formulating the principles of quantum electrodynamics. Gupta’s indefinite metric, however, depends on the 
number of scalar photons. This number is no invariant. Yet, the covariance of Gupta’s indefinite metric 
has been proved before. This seems at first surprising. In the present paper we show why the lack of in- 
variance of the number of scalar photons does not matter and how a certain covariance of the occupation 
numbers together with “repolarization operators” insures the covariance of Gupta’s method. In particular, 
if the norms of the eigenfunctions of occupation numbers are chosen in accordance with Gupta’s pre- 
scription in one Lorentz frame, they are automatically in accordance with this prescription in a different 


Lorentz frame. 


1. INTRODUCTION 


T the time this is written, Gupta’s form of quantum 
electrodynamics is the most satisfactory formu- 
lation of quantum electrodynamics for most field- 
theoretical considerations. The advantages of Gupta’s 
treatment of the problem of longitudinal and “scalar” 
(or “time-like”) photons’ are the following: (1) It 
avoids state vectors which cannot be normalized.® (2) It 
does not give the photon a small mass.*® (3) It does not 
introduce more “redundant” field variables than the 
longitudinal and “scalar” potentials and their four- 
dimensional divergence.’ (4) By its manifest covariance 
it enables us to perform renormalizations unambigu- 
ously in a covariant way.* Gupta’s theory is at present 
the only theory combining these four advantages. 
It is true that the problem of longitudinal and scalar 
photons can also be solved by avoiding to introduce it 
in the first place. For a Maxwell field interacting with 


1S. N. Gupta, Proc. Phys. Soc. (London) A63, 681 (1950). 

2K. Bleuler, Helv. Phys. Acta 23, 567 (1950). 

*S. N. Gupta, Proc. Phys. Soc. (London) A66, 129 (1953). 

*S. N. Gupta (to be published). 

*F, J. Belinfante, Phys. Rev. 76, 226 (1949). 

*F, J. Belinfante, Progr. Theoret. Phys. (Japan) 4, 165 (1949). 

di C. Valatin, Kgl. Danske Videnskab. Selskab, Mat.-fys. 
Medd. 26, No. 13 (1951). 

*S. N. Gupta, Proc. Phys. Soc. (London) A64, 426 (1951). Also 
reference 3 and references given there. 


a finite number of Dirac particles this was first shown 
by Pauli.’ Later, this “gauge-independent”’ method was 
further developed and was adapted to positon theory 
by Belinfante.’-" While the covariance of this method 
can be proved,*-” the complicated form of the Lorentz 
transformation of the field components in this theory 
has thus far largely obstructed its applicability. In 
particular, nobody as yet seems to have succeeded in 
developing a clearly formulated renormalization tech- 
nique using exclusively gauge-independent methods. 
True enough, French and Weisskopf based their calcu- 
lation of the Lamb shift on this type of description of 
nature."® However, a look at their Eq. (13) and at the 
symmetry in their subsequent treatment of the & occur- 
ring in the various terms of this equation shows that 
they brought in through the back door the Coulomb- 
interaction-by-way-of-longitudinal-and-scalar-photons 
which they had thrown out through the front door. 
Also, their argument for explaining why their treatment 
is covariant had to be much more complicated and less 


®W. Pauli, in H. Geiger and H. Scheel, Handbuch der Physik 
(Springer, Berlin, 1933), second edition, Vol. 24, Part I, Chap. 2, 
Sec. B8, p. 269. (Reprinted by Edwards Brothers, Ann Arbor.) 

” F, J. Belinfante and J. S. Lomont, Phys. Rev. 84, 541 (1951). 

uF, J. Belinfante, Phys. Rev. 84, 644 (1951). 

2'J. B. French and V. F. Weisskopf, Phys. Rev. 75, 1240 (1949). 
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direct than in the manifestly covariant theory, where 
this covariance is seen by inspection. 

No doubt exists that the gauge-independent treat- 
ment comes closer to the way many physicists think 
about phenomena involving electromagnetic radiation 
besides Coulomb interaction. The advantage of the 
gauge-independent method lies not only in the fact 
that it avoids redundant field variables altogether, but 
also in the fact that in many applications one wants to 
treat Coulomb interaction as a first-order, preferably 
even zeroth-order effect. Yet, to this date, the mani- 
festly covariant method remains the single mathe- 
matical tool by which the theoretician has successfully 
attacked the more complicated problems of quantum 
electrodynamics and arrived at results comparable 
with experiment. Therefore, it is important to find a 
consistent interpretation of this covariant method. 

This has not been possible within the framework of a 
quantum theory operating in a Hilbert space of positive 
definite metric. The many published attempts at such 
interpretation all contain either errors or inconsistencies, 
or other unsatisfactory features. Therefore, for a jus- 
tification of modern quantum electrodynamics without 
eliminating the part of Hilbert space describing the 
states of longitudinal and scalar photons, one must 
replace Hilbert space by what I may call Gupla space, 
that is, the more general type of Hilbert space in which 
the condition of a positive definite metric has been 


dropped.‘ 


2. THE PROBLEM OF COVARIANCE OF GUPTA’S 
“RULE OF NORMS” 


As the gauge-independent theory, thus also at first 
Gupta’s theory gives to the unsuspecting reader the 
impression of being noncovariant. This is due to the 
choice of the metric in Gupta space. It is convenient to 
choose the eigenfunctions of the incident-photon occu- 
pation numbers'*” as basic vectors in Gupta space. 
Gupta has shown, then, that the metric in Gupta space 
must be such that the norm of these basic vectors is 
—1 (+1), as the number of incident “scalar” photons is 
odd (even).! We shall call this Gupta’s “rule of norms.” 
Now, everybody knows that the number of incident 
“scalar” photons is not invariant under Lorentz trans- 
formation. Therefore, the average reader will at first 


13 R. Karplus and N. M. Kroll, Phys. Rev. 77, 536 (1950). 

4 In my own attempt [F. J. Belinfante, Physica 12, 17 (1946)], 
the asymmetry between the treatment of the products of F into v 
and into ¥' in expressions like (W'/W) was an unsatisfactory 
feature which can be remedied. In that attempt, a basic idea of the 
gauge-independent theory was smuggled half-heartedly into the 
manifestly covariant theory, by defining in a subspace of Hilbert 
space only. While such a “half-hearted” theory possibly could be 
further developed, this has never been done. 

16 By “incident-photon” occupation numbers we understand the 
occupation numbers which are derived from the Fourier com- 
ponents of the potentials given in an interaction representation 
coinciding with the Heisenberg representation at the “time of 
incidence” (usually t= — « ). See references 16, 17, and 11. 

16 G, Kallén, Arkiv Fysik 2, 187, 371 (1951). 

17C, N. Yang and D. Feldman, Phys. Rev. 79, 972 (1950). 
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be skeptical about the possibility of covariance of such 
rule of normals. However, here as for gauge-independent 
quantum electrodynamics, the covariance of the theory 
has been proved nevertheless. , 

By a proof of covariance, of course, we mean that two 
physicists, moving with respect to each other and each 
using the same rule of norms in his own different coor- 
dinate system, will both ascribe the same norm to the 
same basic vector in Gupta space. This may be ex- 
pressed differently as foliows. Physicist A may draw his 
attention for instance to a state,'* in which from his 
point of view there is one scalar photon besides, perhaps, 
several vector photons. He gives it the norm —1. This 
same basic vector, according to physicist B, describes 
a mixture of states, in which there are 0, 1, 2, «++, scalar 
photons present. Anyhow, the norm of this mixed state 
from A’s observation was already known to be —1, 
and B cannot change that. Similarly, there is an infinite 
number of other states, which look like mixed states to 
B, but for which the norms are known, because for A 
these states happen to have a simpler aspect allowing 
A the application of the rule of norms. The norms of 
this complete set of mixed states, then, already will 
determine completely the metric of Gupta space for B. 
In particular, it will also fix the norms of states which 
look simple to B, and to which he would have liked to 
apply the rule of norms himself. The question then, is 
whether, for the latter cases, the metric thus by A 
already fixed for B will automatically guarantee or will 
automatically contradict the validity of the rule of 
norms for B. 

This is not just a question of “elegance” of the theory. 
This is a question of necessity for the covariance of the 
theory. For it is not sufficient that field equations and 
commutation relations are consistent and covariant. 
In the first place, it is also necessary that expectation 
values of observables will transform in exactly the 
same way as the corresponding g numbers do. There- 
fore, no difference in expectation value should be caused 
by differences in methods for obtaining expectation 
values from g numbers in different Lorentz systems. The 
calculation of expectation values involves use of the 
metric. The same metric should, therefore, be used by 
different observers. This is the reason why we said 
above that the metric for observer B is completely 
determined by the metric for observer A, and that B 
cannot change that. 

In the second place, if the special relativity principle 
is to hold, the laws of nature for B should be the same 


18 This remark needs clarification. By “state” we do not mean 
here a physical state satisfying the Schrédinger equation and 
auxiliary condition, but we mean only some eigenfunction of the 
incident-photon occupation numbers and, therefore, of the free- 
photon energy in interaction representation. By the “value” of 
this free-photon energy we will then understand the corresponding 
eigenvalue. As the norm of the eigenfunction may be negative, 
this eigenvalue may be opposite in sign to the corresponding con- 
tribution to the expectation value in a physical state containing 
admixture of this eigenfunction. 
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as for A. Now, the rule of norms is a law of nature, 
important because it determines the expectation values 
of observables. Therefore, Gupta’s rule of norms is 
acceptable only if it can be proved that, once it is valid 
for A, it will be valid for B automatically. 

A somewhat complicated and not entirely complete 
proof of the covariance of this rule of norms was given 
by Bleuler.? He proved the following general theorem, 
which we shall purposely somewhat reformulate, in 
order to facilitate for us the completion of the proof we 
are asking for.” 

Let A be, for instance, the x component of the poten- 
tial four-vector operator. Let x be an eigenfunction of 
A belonging to some given eigenvalue a. There is an 
operator S, such that A’=S-'AS is now the x’ com- 
ponent of the potential four-vector operator in a second 
(primed) Lorentz frame. Then, obviously, x’=S~'x is 
the “corresponding” eigenfunction of A’ belonging to 
that same eigenvalue a. “Covariance of norms” now 
requires that x’ shall have the same norm as x had. 
This was shown by Bleuler to be so. 

In order to complete the proof that the rule of norms 
remains valid for the primed Lorentz frame in the way 
we formulated it for the unprimed Lorentz frame, it is 
now sufficient to generalize Bleuler’s theorem” to the 
case where A in the above is not just a component of 
the potential itself, but is some functional of it, such 
as an occupation number for a “scalar” photon. In 
this way one finds a proof, although a rather compli- 
cated one, of the covariance of Gupta’s method. In the 
following, we shall find a much shorter and more 
direct proof of the covariance of Gupta’s rule of norms. 
(See Chap. 4.) 

Recently, Gupta himself has reformulated the 
definition of the metric in Gupta space in such way 
that its covariance becomes more or less evident. The 
general idea of this reformulated theory is approxi- 
mately the following.” 

We first postulate in one Lorentz frame that there 
shall be a state of nonvanishing norm, in which the 
incident-photon energy takes a minimum value.'*-'* It 
is then shown that this automatically leads to the 


In fact, Bleuler explicitly proved something slightly different 
from the theorem as we formulate it. For him, our x’ (called y 
by him) denoted a certain state, in which, for instance, the x com- 
ponent of the potential four-vector_in the unprimed frame of 
reference has the expectation value A, while the x’ component in 
the primed frame of reference has the expectation value A’. For 
him, our x (his ¥’) represents a state, in which then the x com- 
ponent in the unprimed Lorentz frame has the expectation value 
A’. The different interpretation of Bleuler’s formulas found in the 
text above makes it easier to pass from Bleuler’s “proof of co- 
variance of Gupta’s method of quantization” to the more specific 
question of the covariance of the rule of norms, in which we are 
interested here. ae ; 

® I thank Dr. Gupta for private communication of this reformu- 
lation of his theory. A full discussion of this treatment of the 
theory of the indefinite metric will a in a forthcoming book 
Quantum Theory of Fields by S. N. Gupta [North Holland Pub- 
lishing Company, Amsterdam (to be pub! shed)]. It uses the 
simplified formulation of quantum theory in Gupta space found 
in reference 4. 
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validity of Gupta’s rule of norms in this particular 
Lorentz frame. But it is also shown that this lowest 
energy state must then be the zero-energy zero- 
momentum state of the photon vacuum, and that all 
other states automatically have a time-like energy- 
momentum four-vector pointed into the positive energy 
direction. The latter property is invariant. Therefore, 
now also in any other Lorentz frame all energies are 
positive except the zero energy of the vacuum state. 
This, then, guarantees the automatic validity of Gupta’s 
rule of norms in every Lorentz frame. 

This new proof of Gupta is brief and elegant. How- 
ever, it somewhat bypasses the question which we 
originally asked. For, while Gupta’s new brief proof of 
covariance, of course, implies that the metric for B 
must satisfy the same rule of norms as for A, yet it 
does so without explicitly calculating the norm of a 
state which by B contains n scalar photons, in terms of 
the norms defined according to the rule of norms as 
postulated by A. If by a direct calculation of this type 
it could be demonstrated that the rule of norms then 
will hold automatically for B as well, this would be the 
most direct and therefore the most convincing proof 
of the covariance of Gupta’s method. 

The purpose of the present paper is to give this proof 
in a brief and simple form. 


3. GUPTA’S REPRESENTATION OF EMISSION 
AND ABSORPTION MATRICES 


We are here interested in the norms of the eigen- 
functions of the occupation number operators NV, used 
by Gupta in his rule of norms,.' These NV, are to be 
taken in interaction representation, not only in the 
definition of the Gupta norm in interaction repre- 
sentation, but also” in the definition of the Gupta norm 
in Heisenberg representation.” 

These occupation-number operators can be intro- 
duced in a covariant way. They form the diagonal 
components of mixed tensors, 


N,'(K)=a,'(K) a’(K), (1) 


where K denotes a small domain on the positive-energy 
cone #*=+ |k| in momentum space. This so-called 
+k cone* is assumed to be subdivided into many such 
domains ; for each of these, there are four occupation- 
number operators, viz., 


N; ae +a;'a; (j= 1, 2, 3). (2) 

™ This is most easily seen using Gupta’s new formulation (see 
references 4 and 20). With the old formulation of Gupta’s theory 
(see reference 1), it follows from the fact that the transformation 
between interaction and Heisenberg representation is unitary in 
the sense that its inverse is equal to its adjoint, not its Hermitian 
conjugate. Such unitary transformation of a state vector leaves 
its norm invariant. 

® This fact will not complicate the use of Heisenberg representa- 
tion in those problems, in which one can characterize the physical 
state of fying the numbers of “incident” photons (see ref- 
erences 15-17). 

% See the Appendix. 


N = —dolao, 
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The operators a,(K) and a,'(K’) are absorption and 
emission operators for the momentum regions K and K’. 
They are commutative for K#K’', while for K=K’ 
they satisfy the commutation relations,” 


OO 4t— Gyan, = gry (=5,y— 25y 05,0). (3) 


Let x be the normalized simultaneous eigenfunction 
of all occupation-number operators, which belongs to 
the eigenvalues nx,: 


(4a-h) 


By x(nx,y+1) we shall denote the simultaneous eigen- 
function belonging to this same set of eigenvalues 
except (mxy+1) replacing mx,; by x(mx,+1, nx,¥1) 
for uv we shall denote one belonging to the same 
eigenvalues as x(mx,+1) except (mx,*F1) replacing 
nx,; etc. Further, we shall omit the subscript or argu- 
ment K wherever this does not cause confusion. 

Gupta™ then has found the following representation 
of the operators a,' and a,: 


N,(K)x = mxux; x'x = +1. 


(Sa) 
(Sb) 


ao x= No! x(no— 1), 

aot x= —[no+1]! x(mo+1), 
ajx=nj;x(n,—1), (j=1, 2, 3), (Sc) 
ajt x=[nj+1]!x(n;+1). (Sd) 


Indeed, it is easily seen that Eqs. (5) ensure the validity 
of Eq. (3), and by (2) also the validity of (4a). In fact, 
the solution (5) of Eqs. (2)-(4) is unique but for the 
possible effect of a more arbitrary choice of the complex 
relative phase factors of the various eigenfunctions x. 
Thus, (5) determines a fixed and convenient choice for 
these phases. 

As for Eq. (4b): Eq. (5) also determines the signs 
of the norms of the eigenfunctions x, if we choose the 
norm of the vacuum state to be +1. This is so because 
the meaning of the symbol t in Eqs. (5b) and (5d) 
involves that 

{xta,(K)y}* = ¥'a,'(K)x, (6) 
if the asterisk (*) denotes ordinary complex conjugation. 
Now, introduce the notation 7 for the norm of x, that 
is, 

n=x'x, n(n1) = x(m,+1)tx(m,+1), ete. (7) 
Then, in Eq. (6) once take n=0 and Y=x(nxot+1) and 
apply (Sa-b), and once take w=j(=1,2,3) and 
v= x(nx,;+1) and apply (Sc-d). The two results thus 
obtained can be written by (7) as 


n= —n(nxot1)=+n("x;+1). 


Thence, choosing y= +1 for the vacuum state, Gupta 
finally finds 
(8) 


xtx=a=IT(— 1) "aos (— 1)"=*me 


% See reference 1, Eqs. (16) and (20). Our a9= —a® corresponds 
to Gupta’s — Co. 
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for his rule of norms.! Finally, it is easily seen that the 
eigenfunctions x satisfy the orthogonality relations! 


xv=nlIl Ii 5(mKu,MxKy); (9) 


if ¥ is an eigenfunction like x, but for a completely 
independent set of eigenvalues mx,, so that N,(K)y 
=mxk,wW. In (9), we wrote 6(n,m) for the Kronecker 
symbol dam. 


4. PROOF OF THE LORENTZ COVARIANCE OF 
GUPTA’S RULE OF NORMS 

Suppose that the eigenfunctions x of the occupation 
numbers V,(X) in our original (unprimed) coordinate 
system have been orthonormalized according to (8)- 
(9), and that the phases have been chosen according to 
Eqs. (5). This fixes the Gupta metric in the unprimed 
Lorentz system. 

We are interested in the covariance of these formulas, 
so we want to show that in a new (primed) frame of 
reference the new eigenfunctions x’ of the new occu- 
pation-number operators N,’(K) can be chosen in such 
a way as to satisfy Eqs. (5’), (8’), and (9’); that is, 
Eqs. (5), (8), and (9) with primes. 

It is sufficient to prove this covariance for infini- 
tesimal Lorentz transformations only. For finite 
Lorentz transformations it then follows by integration. 

For the sake of simplicity, we choose our « axis in 
the direction of the infinitesimal velocity » of the new 
(primed) Lorentz frame with respect to the old one. 
Let b=v/c, and x°=—x =ct. Since the annihilation 
operators form a four-vector,¥ we then must have 


ay = aot+ba, a) = a, +b a, 


tglergee (10 
a2 = d2, G3 = a. 

By (2) and (10), or by the tensor character of V,,=a,'a,, 

it then follows, always for infinitesimal }, that 


No’ = — dotao— b(aota;+-a;'ap), 
= +a;'a,+b(ao'a;+a;'a9), 
Ny =N2, Ny =Ns, 
are the occupation-number operators in the primed 
Lorentz frame.” 


The new simultaneous eigenfunctions x’ should now 
satisfy 


(11) 


N,'(K) x’ = NkyX . (4a’) 


We shall at once write down the solutions of (4a’) 
which fulfill our requirements. Expressed in terms of 
the old eigenfunctions x of the operators V,(K), they 
are 


x’ =x — b Le molar t+ 1) x(meo—1, mrt) 
— bY leet 1 nes! x (neo 1, mer—1), (12) 
* Here, N,’ and N, are abbreviations for N,'(K) and N,(K ) 
with the same invariant argument K. A four- vector f, inside the 


invariant region K, of course, changes its components to fy’, as it 
transforms like a four-vector. 





784 FREDERIK J. 
where the dummy index k stands for K (therefore >, 
for an “integration” over the +-cone) with the small 
letter k used merely for avoiding some primes in the 
following. 

Next, it must be proved that the functions (12) 
satisfy our requirements indeed. First, we shall show 
that they satisfy the relations (5a’-d’), that is, the 
relations (5) with primes on the x and the a, where a,’ 
is given by (10). 

Starting with (5a’), we first compare its right-hand 
member nxo! x'(nxo—1) with ao(K) x’. In each term 
of (12), operation of the unprimed ao(K) will lower by 1 
the argument xo of the featured unprimed eigenfunc- 
tion, at the same time multiplying the term by the 
square root of the original number of KO photons 
(=photons “scalar” with respect to the old frame of 
reference and with the proper wave vectors inside K). 
This yields a factor nxo! for most terms of the expan- 
sions (12). The only exceptions are the terms with k= K 
in the two sums, These terms become 


— bn«oLnxo—1}ne1+1}! x(nxo—2, nxi+1) 
— b[mxot-1] nxi' x(nxo, mxi—1). 


In nxo' x’(nxo—1), on the other hand, we find similar 
terms, except 


— bnxo{nxo—1 }n«i+1}! x(nxo—2, nxit+1) 
— buxonks' x(nxo, Nxi—1) 


for the terms with k= K in the two sums. Thence, 


nko! x’ (nxo— 1) =a0(K) x’ + bnxi' x(nxo, mxi— 1). 
(13) 


The last term here is just 6a,(K) x. Since the dif- 
ference between this and b a,(K) x’ is quadratic in the 
infinitesimal } and therefore is to be neglected, Eq. (13) 
by Eq. (10) just gives the desired Eq. (5a’). 

The other primed equations (5b’), (Sc’), (Sd’) can be 
verified similarly. The minus sign in Eq. (Sb) causes no 
trouble at all, but combines in just the right way with 
the other signs in Eqs. (5d), (10), and (12). 

Thus, the functions’ given by (12) will for an ob- 
server in the primed frame of reference take the place 
which the functions x take for an observer in the un- 
primed frame of reference. Just as (4a) by (2) followed 
from the Eqs. (5a-d), now (4a’) will follow from the 
validity of Eqs. (5a’-d’) by the relation (2’), or its 
equivalent (11). 

This completes most of our task. The only thing yet 
to be verified is the automatic validity of the rule of 
norms in the primed Lorentz frame. That is, we should 
verify that x’ly’ satisfies Eqs. (8’)-(9’) as in Eq. (14) 
below, if x’t is given by the adjoint (12) of Eq. (12), 
while v is given by an equation (12y) obtained from 
(12) by changing x into y and nx, into mx,. 

The proof is easy. The expression (12) was written 
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as a sum of three terms, say, (12);+(12)2+(12)s, so 


x’ ty’ =((121) + (121) 2+ (121) 3] 
*L(12p)1+ (12) 2+ (12p)s]. 


Now, [(12')2+(12t)s I[(12p)2+ (12); ] is infinitesimal! 
of second order and can be omitted. Further, 


(12t)2(12p), + (121), (12p)3 = 
{ — bd meo'[murt+1 {xt (meo— 1, mert+ 1) -v} 
—b Dielx' VW (mmo+1, mMi— 1)} [mot+ 1] mes} =0, 


as by (9) the two expressions { } are nonvanishing for 
Neo=Myeot+1, Net+1=m,, only, and then these ex- 
pressions have opposite signs on account of (8). Simi- 
larly, (12')3(12p); + (121),(12p)2 = 0. Thus, we are 
left with (121),(12y), only; that is, 


x! ty’ =xty= (—1)*«"* J] II 5(nxumxy), (14) 


where we have finally used Eqs. (8)—(9) without 
primes. 

Equation (14) then shows the validity of the tule of 
norms in the primed Lorentz frame, so that this com- 
pletes our proof. 

We thus find that the minus signs in Gupta’s metric 
do not cause any difficulty in the demonstration of the 
covariance of his theory, but always combine with each 
other in such a way that this covariance is maintained. 


APPENDIX 


We shall show here the covariance of the occupation 
numbers for a photon field in interaction representation. 
In particular, we shall show that they form tensors 
together with the repolarization operators given by 
Eq. (1). 

For an electromagnetic field in interaction represen- 
tation, expand the positive-energy part A,*(x) of the 
potential four-vector as a Fourier integral in four 
dimensions: 


A,*(x) = (29)-*(2hc)1C fF sod Mk 


X5(kyR)A,(R) exp(ikex’). (Al) 
The factor 6(k,k*) here ensures vanishing of the Fourier 
components except on the half-cone k’=+|k|, which 
we shall call the “+&-cone.” Similarly, we shall call 
k®=—|k| the “—k-cone.” Our Greek indices take the 
values 0, 1, 2, 3; never 4. The electrostatic potential is 
A%=—Apo, and x°=—x9=ct, The numerical constants 
have been chosen for future convenience ; C = (47)! in 
the Gaussian system, and C=1 in the Heaviside- 
Lorentz system. By fx*>0)d%k we understand inte- 
gration over any four-dimensional region which contains 
all of the +&-cone but nothing of the —k-cone. The 
total potential A,=A,++A,-=A,++(A,*)t is “self- 
adjoint” in the sense that its components have real 
expectation values.! 
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Four-vectors on the +& cone we shall denote by f. 
Three parameters suffice to determine such a four- 
vector ; for instance, the three components of its spatial 
part k. Use of k for denoting f does not destroy the 
covariance of our notation. While k is not invariant 
under Lorentz transformation, as space part of f it is 
perfectly covariant, that is, its Lorentz transformations 
as the space part of a four-vector with 


= (kP+k,/?+k,*)! 


are well-defined (although not linear). 

We define covariant integration over the +-cone 
as follows. Let K4 denote an arbitrary four-dimensional 
volume in k space not intersecting the —k-cone, but 
intersecting the +-cone by K. Let F(f) be a function 
of f to be covariantly integrated over K. Then, let 
F(k) be a function of the four-vector k, arbitrary 
except for its identity with F(f) on the +&-cone. In- 
tegration of F(f) over K shall then be defined Lorentz- 
covariantly by 


Sx F(f) dV (f)=2 fa F(R) 8(RxR) dR. (A2) 


Because of the delta-function, the shape of K4 outside 
the +k-cone and the values of F'(k) off the +k-cone do 
not matter. The factor 2 is for convenience: by 


5 (ky) = 6(k?— ko?) = [6(|k| — #°) ]/| 2k | 
around the +k-cone, it enables us to write (A2) as 


Sx F(f) dV(f)= fe P(E) dk/|k|, = (A3) 


where K is the projection of K on the k,k,k, hyperplane. 
Thence, 


dV (f)=dk/|k| (A4) 


can be regarded as the invariant “volume element on 
the +k-cone” corresponding to the definition (A2). 
(Never mind its dimensions!) The invariant “volume” 
of a finite domain K on the +&-cone is 


V(K)=Sx dV (f)= fx dk/|ky. (AS) 
We define the ““German-d function” on the +&-cone 
by 


Sx F(f) d(f-f/) dV(f)=F(t’) 6(f,K), (AO) 


where 
=1, if f’ inside K, 


d(f',K)=Sx d(f—f') dV (E) = 


jan 
\=0, if f outside K. 


From (A3) with (A6) we easily see that, in any Lorentz 
frame, the invariant German-d function may be written 
as 


d(f—f) =|k| 6 (k—k’). (A8) 


INDEFINITE METRIC 785 


With this notation we may write (A1) and its adjoint as 
A,*(x) = thichr8"C f,, A,(f) exp(if.x”)dV (A), 


A, («) = hictr-*"C f,, A,t(f) 
Xexp(—if,’«*) dV (f’). 


(A9) 


Here, {. denotes integration over the entire + -cone. 
Using Schwinger’s notation of the D+ function,?* which 
in our notation may be written as 


D* (a) = (164i) f,, exp(if,x7) dV(B), (A110) 


the commutation rules for A,=A,++A,~ can be ex- 
pressed by 


[A,*+(x) ; Ayn (%’)] = iheC?g,,D* (x— x’), 
[A,*+(x) ; Aut(x’)]=[4-(x) ; Av (x’)]=0, 
with goo=—1, gu=g2=gs3=+1, and [A ; B] = AB 


—BA. They can also be expressed covariantly, on 
account of Eqs. (A9), (A6), (A10), and A,=g,,A*, by 


[A*(f) ; Aut(P)]=6,' 0(f—F), 
(A12 
[A*(f) 5 A*(E)]= TA, (6) ; A,1(P)]=0. 
Now consider the free-photon energy and momentum 


four-vector G*. Performing the necessary*”’ subtraction 
of the meaningless infinite vacuum energy, we find*® 


@=f. hcP A,t(f)A*(f) dV (f). (A13) 
This result suggests that 


N,(K)=f x A,'(f)A*(8) dV(f) (no sum over u) =(A14) 


should be regarded as the number of “incident” 
photons"'*-"7 of polarization » and with energy- 
momentum four-vectors given by wave vectors f 
inside the region K on the +&-cone. Evidently the 
N,(K) are the diagonal components of a mixed tensor 


N,"(K)=fx Ay (BA(f) dV (8). (A15) 


The N,’(K) for uv one might call the “repolarization 
operators,” as they describe ‘a change in polarization 
direction of a photon. 

If K is an infinitesimal domain dK on the +-cone, 
N,’(K) may be denoted by dN,’: 


dN ,’=A,'(f) A’(f) dv (f). 
From (A13) and (A16) we obtain 
=f, hc dN/. 


(A16) 


(A17) 


Our interpretation of N,(K) as an occupation 
number, and an interpretation of A*(f) and A,!(f) as 


26 J. Schwinger, Phys. Rev. 75, 651 (1949). 


27 F, J. Belinfante, Phys. Rev. 76, 461 (1949), 
* J. L. Lopes, Anais acad. brasil. cienc. 23, 39 (1951), Eq. (22), 
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absorption (=annihilation) and emission (=creation) 
operators for an incident photon of momentum Ahk, 
are justified by the following relations, which follow 
from Eqs. (A15), (A12), and (A7). First, 


[A*(f) ; N,"(K)}=4, 8(6,K) A’(f), 
[Aat(8) ; Nu"(K))= —6y" 6(6,K) A,'(8). 
Thence, if N,(K)xn="xn, 
NK) {Axa} = (n—-88(8,K) {Axa}, 
Ny(K}{Ant()xn} = (n+6"5(E,K)}{Aat(Exa}. 


(A18 


(A19) 


Therefore, if we start from the eigenfunction x, 
belonging to the eigenvalue n of V,(K), application of 
the operator A*(f) with f inside K makes an eigen- 
function belonging to (n—1), and A,‘ makes an eigen- 
function belonging to the eigenvalue (n+-1). By suc- 
cessive applications of these operators one can construct 
eigenfunctions corresponding to “stepladders”’ of eigen- 
values n+-1, n+2, n+-3, --+. Now, using Eq. (A17) in 
Gupta’s new definition of the indefinite metric,” we 
find that not only dN;=A,'A ,dV(f) with j=1, 2, 3, 
but also dNop= —ApotAodV(f) cannot have bottomless 
stepladders of eigenvalues, so that obviously the step- 
ladders for dN, downwards must break off. However, 
they can break off, say beneath a bottom step m, only 
if for all attempts to go down below m by applying 
another time A“(f) with f inside K one always finds 
A*(f)xm=0. Then, however, by (A14), also V,.(K)xm 
=(; that is, m=0 must be the bottom of every “step- 
ladder” of eigenvalues. From here upwards, by suc- 
cessive applications of A,‘(f) with f inside K, one then 
finds eigenfunctions belonging to the eigenvalues 1, 2, 
3, +++. This fact, combined with the Eqs. (A19) 
furnishes the justifications we wanted. 

Now, state vectors describing photon fields may be 
expanded in terms of the simultaneous eigenfunctions 
of the occupation numbers N,(K) for the various 
regions K on the +é-cone. For this purpose, the 
+k-cone is subdivided into a large number of very 
small regions K, each so small that we cannot measure 
differences of f inside such a region. Therefore, the only 
absorption and emission operators that correspond to 
observably distinct changes of the state of the photon 
field, are obtained by bunching together all operators 
A,(f) inside each such small finite region. Let us 
therefore define covariantly 


An(K)=fx A*(f) dV (8, 
A,'(K)=fx°A,'(B) dV (8). 


Now, if two regions K and K’ would have a part in 
common, which we shall denote by K()K’, then the 
“volume” of this common region, given by (A5), can 


(A20) 


* See the text above footnote 20. 
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be written by (A7) as 
V(K()K")=J x 6(6,K’) dV (f) 
=fx dV (f) fx dV (f') d(fE-f). 
From (A20), (A12), and (A21) we then find 
[A*(K) ; A,'(K’)]=6, V(KN)K’). 

Similarly, from (A20) and (A148), 

[AX(K) ; V,"(K’)]=6, A(K1)K’), 

[A,'(K) ; Ny'(K’)|= 6" Ayt(KNK’). 
By putting y= (no sum over yw!) we obtain from (A23) 
commutation relations between A, and N,,. 

In practice, subdivisions of the +-cone are made in 
such a way that the different regions K and K’ either 
completely coincide, or are completely separate. There- 
fore we may introduce Kronecker symbols 6xx-, which 
are =1 and =O, respectively, for these two possi- 


bilities. We also introduce new four-vector operators a) 
and a,t, by 


(A21) 


(A22) 


(A23) 


a,(K) = V(K)* A,(K). (A24) 
Thus, the commutation relations (A22)-(A23) become 
[a*(K) 5 a,'(K’))=6,.' bxx: ; (A25) 

[a\(K) ; Ny’(K’)]=6) dxx a’(K), 


(A26) 
fa,'(K) ; Ny’(K’)]= —6y’ dx: ay'(K). 

By a reasoning similar to that applied to Eqs. (A18) 
in and below Eqs. (A19), we conclude from Eqs. (A26) 
that a*(K) and a,'(K) are annihilation and creation 
operators for the occupation numbers V,(K). In order 
to find the matrix elements of the operators a“(K) 
between normalized eigenfunctions of the operators 
N,(K), however, we would need one more relation, viz., 
the analog of Eq. (A16). 

While the above equations are valid for any sub- 
division of the +-cone into regions K, whatever large 
these are taken, we will not be able to express V,(K) 
in terms of a,'(K) and a*(K) for arbitrarily large 
domains K. One might think of by-passing this difficulty 
by defining new operators 


N,’(K)=a,'(K)a"(K);  N,=WN," (no sum!). (A27) 


Truly enough, the operators V,(K) have eigenvalues 
0, 1, 2, +++, and the a,(K) and a,'(K) are absorption 
and emission operators for them. The catch, however, 
is that for arbitrarily large regions K the operators 
N,(K) do not represent the true occupation numbers 
in which the physicist is interested. This interest stems 
from the possibility of expressing the energy and 
momentum in the form of Eq. (A17). From (A17) we 
see that dN, is the occupation number for an infini- 
tesimal region dK. The physicist then wants to define 
the occupation number for finite K as the integral of 
dN,. By (A14), this integral is V,(K), not V,(K). 





COVARIANCE OF GUPTA’'S INDEFINITE METRIC 


In fact, while N,(K) by (A14) has the desirable 
property V,(Ki+K2)=N,(Ki)+N,(K2), the operators 
N,(K) by (A27) with (A24) and (A20) do not even 
have this additive property, and therefore cannot be 
interpreted as the proper occupation number for any 
finite K which meaningfully may be cut up into smaller 
parts. 

The way out of this difficulty is by taking the size 
of the regions K as small as we suggested above the 
Eqs. (A20). We might call these regions then “‘physi- 
cally infinitesimal.” In this case, our various covariant 
definitions may be simplified. Equations (A15), (A20), 
and (A24) may then, by (A5), be re-written as 


N,(K) = A,t(f) A’(f) V(K), 
A,(K) ~A,(f) V(X), (A20a) 
a,(K)=V(K)*4A,(K) ~V(K)§A,(6), (A24a) 


where f may have any value inside K, and where ~ 
denotes experimental indistinguishability. From (A15a) 
and (A24a), then, we find for such small K 


N,’(K) = a,'(K) a’(K)=N,’(K). (A28) 


Equations (A25), (A26), and (A28) then determine in 
the usual way' the matrix elements of the emission and 
absorption operators a,'(K) and a,(K) between states 
characterized by the occupation numbers N,(K) 
~ N,(K). [Compare Eqs. (Sa-d). ] 

Finally, replacing the integrals in (A9) by sums over 
the arbitrarily but invariantly chosen cells K on the 
+k-cone, we may write the potential four-vector A ,(x) 
in terms of the matrices a,(K) and a,'(K), as 


A,(x)=thiclr-#?C 3 x V(K)'X 
{a,(K) exp(if.x*)-+a,'(K) exp(—if.x*)}. 


This covariant expression contains as a special case 
the familiar expression 


Ay(x) =thbedc0-4 Ex (2| |) 1X 
{a,(K) exp(if,x’)+a,'(K) exp(—if,x’)}, (A30) 


* Therefore, we could also denote them by dK. However, 
mathematically, these regions dK are finite. For, in the first place, 
there is no sense in making the subdivision into regions K much 
finer than what can be distinguished experimentally, as the state 
vector, expressed in terms of occupation numbers for these regions, 
should express our factual knowledge about the photon field, and 
not more than that. In the second place, we want them finite, as 
otherwise the definition (A24) would become meaningless. 


(Al5Sa) 


(A29) 


787 


in which one sums over a discrete set of k values forming 
a cubic lattice in such a way that there is one “allowed” 
k value for each cubic volume element K of size 


dk = (2r)*0- (A31) 


in three-dimensional k space. Here, f, has the compo- 
nents k and ko= —k®= —|k]. 

In order to see the equivalence of (A30) to (A29), 
we make for the latter a special subdivision of the 
+k-cone into cells K in such a way that the projection 
of each cell K onto the kkk, hyperplane will coincide 
with one cubic cell K of volume (A31) containing just 
one of the k values, over which we sum in (A30). But 
then, by (A4), the corresponding “invariant volume 
on the +k-cone” of such a cell K will be equal to 

V(K)=dk/|k| = (27)*0"|k|—. (A32) 
If this is inserted in Eq. (A29), that equation takes the 
familiar form (A30) indeed. 

This shows that Eq. (A30) is nothing more than Eq. 
(A29) written up for some special subdivision of the 
+k-cone, in which the constant U by (A31) simply 
tells how finely we are subdividing k space into cubes. 
There is no need, therefore, for the conventional inter- 
pretation of U as “the volume of a cubic world.” 

Under Lorentz transformations, then, the a’(K) and 
the a,'(K) transform like four vectors, and the 
N,’(K) ~N,’(K) for any “infinitesimal” region K on 
the +-cone transform as a tensor. The region K itself 
is invariantly fixed on the +--cone, and may be charac- 
terized by the four-vector(s) f, which it contains. The 
fact that someone in a particular Lorentz frame may 
have characterized it by the projection k of f onto 
k space—or may even have chosen this k as part of 
some cubic lattice, as in (A30)—does not effect the 
invariance of K or the covariance of the four-vector f. 
Also, it does not matter that in a different Lorentz 
frame the projection of f onto the new k’ space does 
not form part of any cubic lattice at all, since from 
(A29) it is clear that in subdividing the +-cone into 
cells K it is not necessary to make the projections k 
form a cubic lattice, or even space them regularly as 
by (A31). 
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The lowest-order Tamm-Dancoff equations for the meson-nucleon system are derived by the method of 
Cini, using the wave functions defined by Dyson. The contributions of the meson and nucleon self-energies 
to the kernel of the momentum-space integral equation are renormalized. Their effects are absorbed into the 
coupling G?, making it momentum and energy dependent. The effective coupling turns out to exhibit an 
anomalous behavior, having a pole for a spacelike momentum, to which it is difficult to attach a sensible 


physical interpretation. 


I. INTRODUCTION 


ALCULATIONS of the meson-nucleon scattering 
phase shifts have recently been performed by the 
Tamm-Dancoff method.' This paper is essentially a 
continuation of one in which that undertaking is re- 
ported. The lowest-order Tamm-Dancoff equations 
were there derived and solved approximately by un- 
merical methods, with several of the terms in the kernel, 
namely, those which correspond to the nucleon, meson, 
and vacuum self-energies, and some which contribute 
to the interaction only in the 7=1/2, J=1/2 state, 
simply dropped. It is the purpose of the present paper 
to ascertain the effects of the former omission on the 
scattering phase shifts; in other words, to find the re- 
normalization corrections to the scattering in states 
in which either J or J, or both, are different from 1/2. 
One of the omitted terms, the vacuum self-energy, 
may be eliminated by a simple redefinition of the 
Tamm-Dancoff amplitudes, as was shown by Dyson.” 
In addition, this redefinition makes possible a con- 
sistent relativistic renormalization of mass and charge? 


O 

© 

O 
Pi Ay 


Fic. 1. Intermediate states of the meson-nucleon scattering 
system which are allowed in the Tamm-Dancoff approximation. 
Vertically is plotted the number of mesons present in the real 
state in excess of those present in the vacuum, horizontally the 
number of nucleons. 

* Part of this paper has been submitted to the Graduate School 
of Cornell University in partial fulfillment of its requirements for 
for Ph.D. degree. 

t Supported in part by the Office of Naval Research. 

1 Bethe, Dyson, ef al., Phys. Rev. (to be published) ; M. Fubini, 
Nuovo cimento 10, 564 (1953). 

2 F. J. Dyson, Phys. Rev. 90, 994 (1953). We shall call Dyson’s 
modification of the Tamm-Dancoff theory, the DTD theory. 

*F. J. Dyson, Phys. Rev. 91, 421, 1543 (1953), 


In order to perform a reliably unambiguous separation 
of the divergent parts of the self-energy integrals, it is 
essential to write them in a covariant form. For this 
purpose we use the method of Cini,‘ applied to the 
DTD theory. 

In Part III we reduce the equations derived in Part 
II to a form similar to that obtained formerly.'! They 
turn out to be, in fact, identical, except for some of the 
self-energy terms, and one of the terms that occurs 
only in the 7=1/2, J=1/2 state. Thus the self-energy 
corrections which will be derived in Part IV may be 
applied to the phase shifts calculated previously.' The 
results are discussed in Part V. 


II. THE CINI METHOD APPLIED TO THE DTD 
EQUATIONS 


We define a two-particle amplitude, 
P yal, ¥; 1) = (Wo* Oho (x)ba(y)¥ (1), (1) 


where V,(?) is the interacting vacuum state in the 
interaction representation, ¥(¢) is the real state vector 
in the interaction representation, and y¥,(x) and ¢a(y) 
are interaction representation operators for the nucleon 
and meson fields, respectively. x and y need not be on 
the spacelike surface 4. W(f) and Wo(t) satisfy the 
Schrédinger equation, 


id (1)/dt= H,(t)¥(t). 


It is a consequence of Eqs. (1) and (2) that 


~ f dt’ f dt"’ 
K (Wo (A(t), CA’), Vo(™) bay) IW), (3) 


if one requires that the initial state ¥(— ©) be a state 
with one meson present. 

We choose Eq. (3) as the fundamental equation for 
our system, because it will yield results in a simple 
way which are equivalent to the lowest-order Tamm- 
Dancoff approximation. The Tamm-Dancoff approxi- 
mation as applied to Eq. (3) may be stated in the fol- 
lowing manner. One arranges the operators occurring 


~ 4M. Cini, Nuovo cimento 10, 526 (1953). 


(2) 


Poa(x, ¥; t)h—,,(x, a 
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in the integrand in the normal order (absorption opera- 
tors to the right of emission operators), yielding a 
sum of terms of the general form of (x, y; /), possibly 
containing more than two field operators. We then 
drop all the terms except those having exactly the form 
of (x, y; 2). That this procedure is equivalent to the 
usual Tamm-Dancoff approximation may be seen in 
the following way. An array of states can be constructed 
(Fig. 1) which helps the enumeration of the nonzero 
matrix elements of the interaction Hamiltonian Hy. 
Since H; contains two nucleon field operators and one 
meson operator, the nonzero elements are only those 
between states which differ by zero or two nucleons, 
and by one meson. ‘The lines in Fig. 1 represent matrix 
elements which connect the ‘‘ground state” (1 meson, 
1 nucleon in state VW in excess of those in Vo) to other 
states. It is clear that our approximation is equivalent 
to the Tamm-Dancoff approximation which restricts 
the allowed states of the system to the cross-hatched 
circles in Fig. 1. 

When the above procedure has been carried out, we 
shall be left with an integral equation for ,_(x, y; 4) 
similar in appearance to the lowest-order Bethe- 
Salpeter equation for the meson-nucleon system, with 
the important difference that our field operators are in 
the interaction representation, and their time depend- 
ence is known. 

Inserting 


Hi (x)= f ext (x), 
where 
H, (x) =iGY (x) ystaba(x)p(x), (4) 


into Eq. (3), we obtain 
t 20 
Pya(X, ¥; 1)—Ppa(x, ¥; — »)=@f asf dw 


X (Wo* (wo) LY (w) vsr abs (w)y(w), 
CY (2)vsrebs(2)0(z), Hp(x)baly) J (wo)), (5) 


t t 
J dz means f daa f a 
~ —20 


The double commutator in Eq. (5) may, without 
much difficulty, be put into normal order; if one re- 


: y 
' 
' 


y 


(a) (b) 


Fic. 2. Feynman diagrams corresponding to the terms of 
Eq. (6). Time increases vertically. 
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tains only those terms which correspond to a one- 
meson, one-nucleon amplitude, it becomes 


— 3iS(x—2)ysl1+e(2—w)P JL (o(w)(2))o 
X (Hw) (2) )o Hrsba(y)W(w) 
— 2iA(y—z)(1—P) SpLvs(h (w) (2) ove 
X (W(w)¥(z))o loa (wy, (x) 
+[(b(2)6(y) oH (2) (x) o+ (9) b(2) oH (x)¥(2))o] 
Xys5(1+e(s—w)P) (p(w) (2) ovstatabs(w)y(w) 
+id(y—2) [Ww (2) ovs(y(w)¥(2))o 
— (W(x) 9 (w) orev (2)o (w) o Lysrs7 aba (w)y (2) 
—iS(x—2)[(b(w)o(y) ove (w)(z))o 
+ (6(y)G(w) ove(W (2) 0 (w) )o lysrarabs(2)¥ (w). 


(6a) 


(6b) 


(6c) 


(6d) 


(6e) 


By application of the usual rules for drawing the Feyn- 
man diagram corresponding to a given S-matrix ele- 
ment, the terms (6a)—(6e) may be seen to correspond 
to the time-ordered graphs drawn in Fig. 2. It will be 
noticed that the graphs (a), (b), and (c) occur alone, 
without their negative-energy intermediate state ana- 
logs, and that the vacuum self-energy fails to appear 
at all, in contrast to what one finds with the old Tamm- 
Dancoff method.2 The reason that these terms do not 
appear is that the structure of the commutator in 
Eq. (5) is such that any Feynman diagram representing 
parts of it must have a line connecting s with x or y, 
or both. 

If we next insert the propagation functions defined by® 


P(o(x)o(y))o=44r(x—y), 

e(x—y) PW (x)P(y))o= —4Sr(x—y), 
W(2)0(y))o= —iS+(2—y) 

= —45 4*(2—y) 

= +iSpt(z—y) 

(W(y)W (2))o= — iS 4-(2—y) 

- +iSr~(2—y) 

(b(2)6(y) )o= +idat (2—y) 

= —iARt(z—y) 


((y)@(2))o= —iAa-(2—y) 
=+iApR-(s—y) 


Z0< Yo 
20> Yo, 
Zo<yo (7) 
20> Yo, 
20< Yo 
20> Yo, 
2o<Yo 
20> Vo 
for the vacuum expectation values in (6d) and (6e) 
which depend on field operators at w and 2, we may 
extend the integration over w in (5) to all space-time, 


because (6a), (6b), and (6c) are already zero when 
2o<wo. The result of this substitution is that (5) 


5 F. J. Dyson, Phys. Rev. 75, 1736 (1949). 
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becomes 
t ao 
als, 95) Halt, ¥5 — 0) =iG*f asf dw 


X {(3S(«—2)ysA~(z—w)S-(2—w) 
+-4S(x—2)ysAr(z—w)S p(2—w) 75 Pa(w, ¥; Wo) 
+A(y—z) Sp[2y5S~(z—w)y5S*(w—z) 
+hysS r(2z—w)y55 r(w—z) 2 (x, w; wo) 
+4il—A~(y—z)S~(x—2)+A*(y—2)S+(x—2) ys 
X[2iS-(2—w)+S ¢(2—w) stat gPo(w, w; Wo) 
+A(y—2)[—S-~(x—w)y5S4*+(w—z) 
+S+*(x—w)y5S a7 (w—2) }y57 67 aPo(z, w; Wo) 
+S$(x—2)[—A~(y—w) 7S n° (z—w) 
+A*(y—w)yoS nt (2—w) yore aPa(w, 2, wo)}. (8) 
Ill. REDUCTION TO THE NONCOVARIANT FORM 


It will be noticed from the form of #(x, y;¢) that it 
is nonzero in four different physical situations.’ Spe- 
cifically, decomposing ¥ and ¢ into their positive and 
negative energy parts, one may write 


(x, y; )) = Ot +4+6+-+6-+4+6-~(x, 9; 2), (9) 
where, for example, 
Ppa +(x, V5 1) = (Vo* ba (x)Wp*(y)¥()). 


This decomposition may be done explicitly here be- 
cause the time dependence of the interaction repre- 
sentation operators @ and y is known. A nonzero + + 
corresponds to having a meson and a nucleon in the 
state VW in excess of those in Wo; @-+ to one more 
nucleon and one less meson, &+~ to one more meson 
and one less nucleon, =~ to one less meson and one 
less nucleon in ¥ than in Wo. We will now operate from 
the left on Eq. (9) with a positive energy projection 
operator for both nucleons and mesons, yielding a 
somewhat simplified equation : 


®,+ +(x, ¥; ))—Pat *(x, ¥; = 0)=i@ fds fa 
XK ((3S+(x—2)ysd~ (€)S~(E)y5 ; 
+4S+(x—2)Av(E)ysSr (bys [Pat t++.7 +] 
X (s— &, 9; 20 Eo) +A*(y—2) Sp{2y5S~ (é)veS* (— &) 
—hySr()ySr(—f))} [Pat +4+B.* ~](x, 2—E; to— fo) 
+4id* (y—2)S* (x—s)yoL 24S-(6)+Sr(€)] 
X ystatpp(s—t, s—£; to— bo) +At(y—2)S* 
X (w— 3+ )ySa- (— E)yereTras(z, s—£; 20— ko) 
+S+(x—s2)At(y—2+£)yeS xt (£) 


XvststaPs(s—£, 2; 2o—£o)}. (10) 
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VISSCHER 


This is exactly the equation which would have been 
obtained if we had started with @*+*+ in Eq. (3). We will 
next drop all terms on the right-hand side of Eq. (10) 
which contain either meson or nucleon negative-energy 
amplitudes. This is consistent with the Tamm-Dancoft 
approximation ; these coraponents of the wave function 
are not among those connected on Fig. 1 to the ground 
state. 

The terms in Eq. (10) containing A~(£)S~(6), 
S~(&)S*(—&), and S~(&) will vanish in the integration 
over £. After dropping the negative-energy amplitudes, 
we take the Fourier transform of Eq. (10). The ex- 
pansion of + + is found to be 


&,++(x, y; )= fea fer(oe) 


Kell etawy(ra(ru, qa; ¢), (11) 


where a sum is implied over positive-energy nucleon 
spinors “(r) (normalized so that iu=u*yqu=1), r-x 
=r-x—rox0, E,=(M?+P), wa= (u?+q?) (M and yp are 
the masses of the nucleon and meson), and 
a(ru, qa; t)=(Vo*(l)brudga¥ (2)). (12) 
Annihilation operators for the nucleon and meson, 
respectively, are b,, and dqa. By inserting the time 
dependence of the state vectors, 
V(t) = ¢ i(E—-Ho) ty (0), 
Wo(t) =e *(Fo-Fo) np, (0), 
where Hp is the noninteraction Hamiltonian, £ is the 
total energy of the system, and Ep is the vacuum state 
energy, Eq. (12) becomes (e= E—£p): 
a(ru, qa; t)=e~**-*r-#9)'a(ru, qa), (14) 
where a(ru, qa) = (Wo*(0)b,.dgaV(0)). With this nota- 
tion, Eq. (10) written in momentum space in the 
center-of-mass system becomes (p=momentum of nu- 
cleon; A=e—E,—wy,): 


(13) 


M 
a(pu, — pa) = — HG f de(a(pyreSe(@)vou(p)) 446) 


1 
Ker tp t+ (A+ Bp) tog (py, — po) —15G— fa 


Wp 

XSpLvs5 r(é)v65 e(— &) Je? triton) &a(pu, — pa) 
Ore MPs: —— 

16m? J (Egwp lw)! M(M—e) 
(a(p)ysA_(0)ys0(k)) 

“Thea 

(a(p)ysA_(— p—k)ys0(k)) 
Epyu(Ept+EpyutEx— €) 
(a(p)ysA4(pt+-k)ys0(k)) 
Ep+u( Eppa tonto €) 








Jor ack, —kg). (15) 
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Here, for convenience in the next section, we have left 
the self-energy parts in terms of invariant functions. 
Except for these terms, and for the terms involving 
the energy denominator 1/(M-+e), which contributes 
only to the states for which /=J=1/2, this equation 
is identical to that derived by the old Tamm-Dancoff 
method.' We may therefore evaluate these self-energy 
parts, and use them to find corrections to the phase 
shifts previously calculated, except for the 7=J=1/2 
states. 


IV. RENORMALIZATION 
Let 2(£)=y5Sr(é)ysAr(g), and 
2 ()=Spur{yoS r()y5S r(—8)}. (16) 


There are the well-known nucleon and meson self- 
energy propagation factors from second-order per- 
turbation theory, whose strong singularity at &=0 
causes the divergence of their momentum-space in- 
tegrals. We shall follow the usual relativistic subtrac- 
tion procedures to extract their finite parts. First take 
the 4-dimensional Fourier transform of 2 and 2, 


a()= feminar, 
(17) 
Z()= f ee 8D (pate, 


These are now relativistically invariant functions of the 
4-vector momenta p and x. More specifically, 2(p) is a 
function of py only, since p-y is the simplest invariant 
matrix function of p. Similarly 2(x) is a function of x? 
only. These facts may be easily verified by explicit 
calculation. 

In the usual way,® we set the observable (renormal- 
ized) parts of the self-energy operators equal to the 
following expressions: 


Qe(p-y)=2(p-7)—Q(iM) 


( | = | (18) 
iad 
fis d(p-7) pry=iM 
oz 
Sal) =2(e)—2(—1)— eu] —] . (19) 


Nucleon Self-Energy Renormalization 


The subtractions indicated in (18) may be carried 
out by following exactly the procedure that Karplus 
and Kroll’ used for the electron self-energy, 


Rake f e-iv-ty eS p(E)ysAr(E)d't 


(20) 
4 Sytp-ytiM 1 
ignored Lk | ara a , 
(2m) (o+s)P+M? +p? 


6 P. T. Matthews, Phil. Mag. 41, 185 (1950). 
7R. Karplus and N. M. Kroll, Phys. Rev. 77, 536 (1950). 





We apply the formula 


1 . du 
oo f Cau+b(1—u) } 


to (20) to obtain 


Q(p-y)= sob of 


Ssyt+p:-y—-iM 
ya es — —- —--—- -—-—--, 
{[(p+s)?+M? Ju+[s?-+u? ](1—u)}? 
The denominator of the integrand of (22) may be 
written [(s+pu)*+A??, where A?=p?(u—1?)+M%u 
+y?(1—). We expand the integrand in a power series 
in pu; keeping only the first two terms, because the 


higher ones may be transformed into vanishing surface 
integrals. This casts (22) into the form 


Mi 1 (s-y+p-y(1—u)—iM 
Q(p-y)= - fas f in| ~ picenes 
(2d Jy s+} 


(23) 


+e . 
ds [s*— A? P 


Upon carrying out the differentiation in (23), and 
making use of the facts that 


f f(@)t-yd't=0, 
(24) 


f f(P)(a-t)(b-t)dt= 4 (a-b) f f(P)Pd4t, 


we find the following form for Q: 


di fe fa (-—— ul? (25) 
2(p-y)=—— } dt —_——_—_—_— —_—- }}, 
ed OS, ON eran aia) 


The subtraction procedures (18) may be applied to 
this equation, and, making use of* 


1 1 A? 
f (—>-a) = — ix’ log| — 
(P+A*)?  (P+Ad?)? Ag 


A?— Ag 


1 
=~ int f ae ~—____—, 
0 Ag+ (A?— Ao*)v 


§R. P. Feynman, Phys. Rev. 76, 769 (1949). 
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one obtains 


1 1 1 
Qe(p-7) =—— (ori) f auf dv 
(2m)? 0 0 


u—u* 


x— 
Ao? + (p?+ M?) (u— u2)v 
2M*v?(1—u)v 
| o-rtian (1a — ~)—inu (27) 
Ao’ 


where Ag? = M?u?+-y?(1—1). 

It is worth-while noting that, although it would 
greatly simplify the approximate evaluation of (27) to 
put w’=0, it may not be done, because Qe is not an 
analytic function of y? at p?=0. 


Meson Self-Energy Renormalization 


2(0)= fe ‘E SplyeS er (E)veS v(— &)}d'té 


1 
= ds 
~ te spn 


By evaluating the spur in (28) one may write 


p: y+iM 


we 
P+M § 


(p—«)?+M? 


ee aE d'p 1 
| (p—K)'+M? Batd pM? 


x? d‘p 
pauif S(O 
oS ee gr ree 


The second term of (29) clearly gives no contribution 
to Zp, since it will drop out in the first subtraction in 
(19). This is also true of the first term, as may be seen 
by expanding the integrand, as was done in (23). We 
find 


f a'p -f d‘p 

(p—n+M? J Peet (p+M)® 
which will completely drop out in the subtraction (19). 
Therefore the observable parts of = are all contained 


in the third term of (29), 2s. 
Application of (21) to 23 yields 


3s=—] d — 30 
“fuses “Tst+-u(1—u)ee-+ MPP ” 


after a change of variable s= p— wx. We define 


1 
J()= “fa is(— 
[s?+-u(1—u)xe+M?? 


1 


~ [stem( = aad ; 
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where \ is a very large mass. By using (26), (31) be- 
comes 


Jo)=— er wf “fi dw 


x 
421 — 1) a+ (M2— 


wu 


The subtractions of (19) may be conveniently per- 
formed on this expression. When one does them, and 
lets \2+, (32) is transformed to 


1 . ‘ u(1i—u) 
Tex?) =— (ety f auf dw——— 
8x? 0 0 M?—u(1— u)y? 


Ku (1—u)w 
(— ——1), (33) 
u(1—s)0(x? +42) +M2—u(1—u)y? 


which may be quite accurately approximated by letting 
w’=0 under the integral sign. Equation (33) then re- 
duces to 


ed 


i ae | 
Zr= eta f du-log|1+u(i—u)—}. (34) 
Sr? 0 K? M? 


Vv. CONCLUSION 


The integrals in (27), (34) are elementary, and may 
be carried out without difficulty. The four-vector argu- 
ments p and « of 2 and & are replaced by the quantities 
which occur in the integral Eq. (15), namely (p, A+£,) 
and (—p, A+w,), respectively. Since 2 is surrounded 
in (15) by a(p) and u(p) and (p-y+iysE,—iM)u(p) 
=(), the Dirac matrices (p-y—iM)? and (p-y—iM)? 
X(p-y+iM), which occur in (27), become —A? and 
—idE,(A+2E,)/M. 

By collecting terms which multiply a(pu, 
(15) may be rewritten in the form 


— pa) = (F?/42) X (interaction terms), (35) 
where the “interaction terms” are all those on the right 
side of (15), except the first two (self-energy terms), 


divided by G*/4m; and 


a(pu, 


PG; 3iGM iG? \ 
=— 14-042) 
4x 4n 4 Ey ‘iw, 


(36) 


Equation (35), therefore, absorbs the self-energy effects 
into the coupling “constant” F?/42, which now depends 
on |p| and «. 

The asymptotic expressions for 2 and 2 for |p|/ 
M-—>« may be easily derived. When they are inserted 
into (36) it becomes 

“yo 


F? 
snail Ginn esate eeonsetnrornn 
le =| 32%? = log| -= 322? = 





MESON-NUCLEON SCATTERING 


The first term within the bracket arises from the 
nucleon self-energy, and dominates for large p. F?/4xr 
is clearly negative for p large enough.’ For A=0 it is 
by definition positive and equal to G?/4r. Therefore, 
for some p= k for which A<0 F*/4z has a pole. A pole 
in F*/4m implies a pole in the wave function a(pu, — pa) 
or, in other words, an incoming or outgoing wave of 
momentum k in the coordinaté-space wave functicn. 
It would be possible to interpret the pole as an in- 
elastic scattering if 2|k|<e, but a rough numerical 

9R. H. Dalitz (private communication) has pointed out an 
error made by the author in the evaluation of these terms which 
radically altered their behavior. His information has prevented 


the possible publication of qualitatively wrong results, and is 
greatly appreciated. 
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calculation shows this condition not to be fulfilled for 
laboratory energies (values of « from M to 2M). If 
?|k|>e an interpretation as inelastic scattering is 
not possible, because there is too much momentum for 
the fixed amount of energy in the system, and at least 
one of the scattered particles would have a spacelike 
energy-momentum four vector, or an imaginary mass. 
No reconciliation oft his nonsensical prediction with 
reality has yet been made, and at present it must be 
considered as raising serious doubt about the consistency 
of the Tamm-Dancoff approximation. 

The author would like to express his gratitude to 
F. J. Dyson for suggesting this problem, for essential 
guidance, and for helpful discussions. 


NUMBER 3 NOVEMBER 1, 1954 


Mesonic Corrections to the Quadrupole Moment of the Deuteron* 


A. M. SEssLert 
Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 


(Received June 10, 1954) 


Mesonic corrections to the quadrupole moment of the deuteron are calculated by means of the method of 
Tamm and Dancoff. Only the two-nucleon and two-nucleon—one-meson amplitudes are included. The first is 
associated with a phenomenological wave function for the deuteron, the second yielding a correction to the 
quadrupole moment. A correction exists even in neutral scalar theory, and for pseudoscalar (pseudoscalar) 
symmetric theory the result in adiabatic approximation to second order is AQ=3.1 percent or AQ= —0.7 
percent, depending on choice of wave functions (assuming g*/4r= 10). Contributions from multiple meson 
amplitudes are examined, and for a hard-core deuteron function they are shown to contribute only slightly. 


I. INTRODUCTION 


PHENOMENOLOGICAL theory of the deuteron 

consists of choosing an arbitrary potential which 
is to act between two nucleons and only depends ex- 
plicitly on nucleon variables, and then calculating the 
binding energy of the deuteron, the quadrupole moment, 
the n-p triplet scattering length, and the n-p triplet 
effective range. These quantities are then compared 
with experiment, and if they all agree, within experi- 
mental error, then the potential is an acceptable one. 

The phenomenological theory is not complete in that 
it ignores the coordinates of the mesons associated with 
the two-nucleon system. It does not, however, com- 
pletely ignore the mesons, in so far as they contribute to 
the potential acting between nucleons. The question 
arises as to how valid the phenomenological theory is, 
or, equivalently, how much of a correction will the 
inclusion of meson coordinates make in which potentials 
are considered acceptable. 

It is not known how to obtain from meson theory a 
quantitatively correct answer to this question. However, 
as we shall see, the only one of the above mentioned 
quantities we need calculate with meson theory is the 


* Supported in part by the U. S. Office of Naval Research. 
t National Science Foundation Post-Doctoral Fellow. 


quadrupole moment of the deuteron. Because this is an 
outside quantity one should be able to obtain a very 
reasonable estimate of the magnitude of the effect, and 
in view of the rather large estimates which appear in the 
literature,'” it was felt that a re-examination of the 
problem was necessary. 

The results of a field-theoretic calculation of the two- 
nucleon system may be expressed in terms of a wave 
functional in Fock space. The method of Tamm‘ and 
Dancoff,‘ in lowest approximation, consists of equating 
to zero all amplitudes of the functional other than the 
two-nucleon (2,0), and two-nucleon—one-meson (2,1) 
amplitudes. We shall make this lowest approximation 
first, and examine its validity in Sec. IV. 

We may associate the (2,0) amplitude with a phe- 
nomenological wave function. It satisfies a Schroedinger 
equation in which the potential term arises from the 
amplitudes involving mesons, but does not contain 
meson coordinates. Furthermore, the binding energy of 
the deuteron, and the n-p scattering length, and the n-p 
effective range may be obtained from the (2,0) ampli- 
tude alone. The quadrupole moment differs in that it 

'F. Villars, Phys. Rev. 86, 476 (1952). 

2S. Deser, Phys. Rev. 92, 1542 (1953). 


31.Tamm, J. Phys. (U.S.S.R.) 9, 449 (1945). 
4S. M. Dancoff, Phys. Rev. 78, 382 (1950). 
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receives a direct contribution from the charge density of 
the (2,1) amplitude, and in that it depends on the 
normalization of the (2,0) amplitude. This normaliza- 
tion does not otherwise enter in the identification of the 
(2,0) amplitude with the phenomenological wave 
function. 

We shall calculate the contribution arising from the 
(2,1) amplitude taking into account its effect on the 
normalization of the (2,0) amplitude. This contribution 
must be regarded as a correction which should be applied 
to the experimental quadrupole moment before it is used 
as input data in a phenomenological theory. The re- 
sulting phenomenological theory may then be con- 
sidered as associated with the (2,0) amplitude in a Fock 
space representation of the field-theoretic solution of the 
two-nucleon problem. 


II. NEUTRAL SCALAR THEORY 


We shall first, for the purpose of giving a simple 
exposition, carry through the calculation using neutral 
scalar theory. The notation is the same as that of 
Lévy,® and h=c=M~=1. The (2,1) amplitude can be 
obtained from the (2,0) amplitude by the following 
equation: 


[E—Ep.— Ep.—w(k) Ja(pi,p2; k) 
= g(2m)*[ 2w(k) F§La(pit-k, pe) +a(pi, p2+k)]. (1) 


The program is to associate a(p;,p2) with the Fourier 
transform of a phenomenological wave function ¥(x;,X2) 
and believe meson theory only to the extent of Eq. 
(1), which gives a(p;,p2;k) in terms of a(p;,ps). Let 
a(x;,X2; 8) be the Fourier transform of a(p;,p2; k). Then 
| a(x:,X2; 8) |* is the probability of locating a meson at s, 
and nucleons at x; and x». Since we are calculating in a 
neutral theory, the only contribution to the quadrupole 
moment comes from 


(xs) = f |a(xs,x2; 8) |*dxrds, (2) 


which is the charge density in the state in which there 
are two nucleons and one meson. 

We make the adiabatic approximation of setting 
E—Ep»,— Ep2.=0. This yields 


p(X) = a tt (3) 
2(2m)® 


Fic. 1. Graphs contributing to the charge density in the (2,1) state. 


5M. M. Lévy, Phys. Rev. 88, 72 (1952). 
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Fic. 2. Meson current 
contributions to the quad- 
rupole moment. 


where 
e1(p2—p2’) -x2 


pi(X2) = wae Fo iy 
K,=a(pit+k, p2)a*(pitk, p2’), 
K.=a(pitk, p»)a*(pi, po’ +k), 
K;=a(pu, px+k)a*(pi+k, p2’), 
K4=a(pi, po+k)a* (pi, po’ +k). 


Graphs may be drawn corresponding to py, p2, ps, and 
ps. They appear in Fig. 1, from which it is clear that the 
logarithmically divergent terms p; and p, are self-terms 
and must in the spirit of noncovariant renormalization 
be dropped. They correspond to a meson cloud associ- 
ated with each nucleon, and the finite contribution of 
these terms may be estimated phenomenologically.® 

Combining the above we obtain 


px) =e) f dy) 'TIm-¥1), (6) 
where 


I(x—yl)= f dha (kerr, (6) 


Transforming to the center of mass, and relative 
coordinates r, and evaluating J(|x.—y|) by the method 
of Lévy,’ we obtain 


p(r) = g°(2n*) | (7) |?Ko(ur), (7) 


where #(r) is the deuteron wave function in relative 
coordinates. 
The contribution to the quadrupole moment is given 


by 
AQ=AQ’—NOphen; (8) 
where 


a0’=3 f o(e)APs(costhde, v= f(r, (9) 


The first term being a direct contribution from the (2,1) 
state, the second term coming from a change in normal- 
ization of the (2,0) state. The two terms tend to cancel, 


6 The electron-neutron interaction measures ]= f{r’p(r), where 
p(r) is the charge density of a neutron, and can be expressed as 
I <e(h/uc)*(u/M)*. This leads to a correction to the quadrupole 
moment of the order of 


Fe 1 
Mc RJ’ 
where R is the radius of the deuteron. This is less than 0.3 percent, 


and negligible. : 
™M. M. Lévy, Phys. Rev. 88, 738 (1952), see Appendix. 
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MOMENT 


TABLE I. Contributions to AQ for two-deuteron fonctions. In pasudoncnine theory 8/4 has been chosen equal to 10. 








Yukawa-Yukawa 








Hard core 
A 





40 P -N QOphen AQ 


—" 


40’ —NOphen 








Scalar 0.467 (g2/22*) — 1.54 (g2/2x*) 


(2,1) 


0.03114 (2/4) 0.01578 (¢*/4:r) 
— 0.01002 — 0.02387 
0.00245 0.00359 


Pseudo- s—s 
scalar s—d 
(2,1) d—d 


Total 


0.0191 (2/4) 
3.1% Qexp 


Pseudo- 2.56 1074 (¢2/4ar)® = — 67.7 K 104 (92/4)? 
scalar 


(2,2) 





— 10.5% Qexp 


— 1.07 (¢2/2x?) 
—1.9% Qexp 


0.02953 (¢2/4ar) 
—0,.01255 
0.00431 


0.00183 (2/43) 

— 0.03230 

0.00478 
—0,0044 (2/4) 
~0.7% Qoxp 


—9.80X 1074 (g?/4ar? 
— 1.1% Qexp 


2.82 1074 (g2/4ar)* 





and would give zero if the Ko function were absent. 
Since the Ko function weights small r, the normalization 
term dominates and AQ is negative. Simply for compari- 
son purposes, a numerical calculation was performed, 
the results for a reasonable value of (g?/4z) being listed 
in Table I. 


III. SYMMETRIC PSEUDOSCALAR THEORY 


The calculation proceeds exactly as in scalar theory, 
except for a few minor changes, Eq. (1) becomes 


[E- En— Ep.—w(k) Ja(pi,p2; k) 
=ghatAyt (2m)! 2u(k) +! 
X[ri*ys%a(pi tk, p2)+7,>ys’a(pi, po+k)]. (10) 


We need still calculate only p(k) since the contribution 
of meson currents vanishes® (see Fig. 2). The adiabatic 
approximation E—Ep,—Ep.=0 is again made, and 
because of the presence of y,; we must use a two com- 
ponent reduction approximation for the deuteron func- 
tion. This is equivalent to calculating with a pseudo- 
vector theory, since pair terms do not contribute to this 
order. We obtain 


2 a.mqb 


)=— |®(1) |2(0*- 9) (o> W)Ko(ur). 
2m? (2M)? 


(11) 
The deuteron function &(r) for m= 1, may be written as 


1 
#(r)=—— g(r) X +9 (1) Vd, 
Vv (4r) 


(12) 


where ¢ and y are radially normalized and 


2\! 6\3 12\! 
vi=(—) XYut(—) XWat (= )x -1V 22. (13) 
20 20 20 


The quadrupole moment correction is given by Eq. (8), 
the evaluation of which is rather involved due to the 
more complicated nature of p(r). Separating terms 


®H. Miyazawa, Progr. Theoret. Phys. (Japan) 7, 207 (1952). 


corresponding to the S and D states of the deuteron, we 
obtain 


pe: ee 
104-5) 
1 
xf e(s/udad| K ro(x)+- =| 


Q r -) ‘ahah 
parece re (nape 
*  getayus\ 5v2) J, 


K(x) 
xv (v/u) tia] Ko) +> | 
x 


AQ)’ = —e c_(— -) 
8x? My 3\ 20 


af Ya/n)ae| SKaC0)+— soa “I (14) 


2 
Niece f 
89? Mu 0 


*” 


Ki(x 
os/n)taa| Kul) easiness ) =| 


x 


N sp=- ” 
8x 


g cs) 
hoa) | ¢(x/p) 


1(x) 
xv(e/n)tia| Kol) +—— | 


x 


g’ 
Np=—-——_— 


Sm? 
K(x) 
xf vena x ac =| 
0 x 


The evaluation may not be performed using zero- 
range functions due to the singularity in Vs. Any func- 
tion corresponding to a nonzero-range force gives a finite 
result. We have carried through the numerical work 
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\ 
3A 38 3c 


Fic. 3. Typical diagrams in g* order. 


using two functions.’ The first is a solution of a central 
and tensor Yukawa well potential, and the second is 
from a similar potential with a hard core at r=0.375h/yc. 
Both functions fit the triplet data. The results are given 
in Table I. 

We have not calculated the self-terms by means of a 
renormalization program. It seems probable that these 
terms may be sufficiently accurately estimated phe- 
nomenologically.® 


IV. TWO-MESON AMPLITUDE TERMS 


In pseudoscalar theory one might think the fourth- 
order terms are much larger than the previously calcu- 
lated terms. Because the quadrupole moment is an 
outside effect and the multiple-meson effects are concen- 
trated at small distances, this is not so. The leading 
terms are the two-pair terms,’ and we shall calculate the 
charge density associated with the (2,2) amplitude. A 
straightforward calculation yields 


p(r) = g'(4M)*(29)-*r 27 ,"[ ry°r,," 
truer? }|H(r) [2 (r), 
dkdae***® -* 
BT enn 
w(k)w(q)[w(k)+(9) P 


(15) 


where 


J(r) may be easily evaluated,’ and the results are to be 
found in Table I. Because of the short range and the 
singularity of the operators, the results are very sensi- 
tive to the inner regions of the wave function. Very 
little is known about the deuteron function in this 


* Dr. M. Kalos has been kind enough to supply us with these 
functions. 


region, but a hard core type of behavior seems probable. 
If we assume a hard core, none of the other multiple- 
meson amplitudes contribute appreciably. 


V. CONCLUSIONS 


Using pseudoscalar theory, and including the (2,0) 
and (2,1) amplitudes, we find the nonphenomenologic 
contribution to the quadrupole moment is 3.1 percent 
and —0.7 percent for Yukawa well and hard-core 
functions, respectively (this assumes g?/4r=10). The 
plus sign is such as to imply a decrease in the percentage 
of D state of a phenomenological function. With a hard- 
core function, modification due to multiple-meson 
amplitudes is small, and one is led to believe that the 
whole effect is probably of the order of one percent. 
With Yukawa functions, which is a rather extreme case, 
multiple-meson amplitudes contribute appreciably, and 
a definite statement cannot be made. 

One should compare this with the four-dimensional 
calculations of Villars' and Deser.? Deser breaks the 
interaction between the nucleons into an instantaneous 
and a retarded part. He associates the solution obtained 
with only the instantaneous interaction, with a phe- 
nomenological theory. He then calculates the effect of 
the retarded part and considers this as the correction to 
the quadrupole moment. Actually most of this is in- 
cluded in a phenomenological theory, for if we take the 
one four-dimensional diagram Fig. 3A and break it up 
into time-ordered diagrams, then clearly diagrams where 
no meson is in flight during the interaction with the 
photon, like Fig. 3B, are included in the phenomeno- 
logical theory, while only Fig. 3C should be considered a 
true correction to the quadrupole moment. In addition 
to this, differences in the numbers are due to Deser’s use 
of zero-range functions which, being singular at the 
origin, give a much larger contribution. Neither Deser 
nor Villars has included the change in normalization of 
the wave function, which tends to decrease the effect. 

I wish to thank Professor H. A. Bethe, Dr. N. 
Austern, Dr. A. Klein, and Dr. R. H. Dalitz for many 
enlightening conversations. 
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Effect of Precipitation Hardening on the 
Superconducting Transition of an 
Aluminum Alloy* 


R. E. Moutpt anp D. E. MApoTHEeR 
Physics Department, University of Illinois, Urbana, Illinois 
(Received July 19, 1954) 


HIS letter reports the preliminary results of an 

experimental investigation of the changes in 
superconducting properties which accompany the pre- 
cipitation hardening of an alloy. It was necessary to 
choose a precipitation hardening system whose major 
constituent was a superconductor and preferably a 
system whose mechanical and metallurgical properties 
had been reasonably well investigated. For these reasons 
the aluminum alloy Alcoa 63S was chosen. Its com- 
position is 0.7 percent Mg, 0.4 percent Si, more than 
98 percent Al, and traces of other elements. The pre- 
cipitation hardening in this alloy is associated with the 
precipitation of the Mg and Si from a supersaturated 
solid solution in the form of the compound Mg,Si. The 
heat treatment of the alloy first requires a soaking at 
575°C to disperse the Mg and Si in solid solution fol- 
lowed by a water quench to room temperature. In 
the quenched alloy the Mg and Si are in supersaturated 
solution and the specimen is quite soft, being only 
slightly harder than pure aluminum. The alloy is 
hardened by reheating it to an intermediate tempera- 
ture (in our case 175°C) so that precipitation can pro- 
ceed by diffusion. For a given intermediate temperature 
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Fic. 1. Superconducting transitions for the aluminum alloy 
63S showing the effect of heat treatment. All transitions shown 
above were measured at 7 =1.049°K. (I) quenched alloy; (II) 
fully hardened alloy; (III) annealed alloy; (IV) pure aluminum. 
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Fic. 2. Temperature dependence of critical field for aluminum 
alloy 63S for different heat treatments. Data for pure aluminum 
are included for comparison. 





the hardness, tensile strength, etc., increase with time 
to a maximum value (after about 24 hours) and then 
decline slowly with continued heating. If the precipi- 
tation of Mg,Si is allowed to proceed until substantially 
complete, the specimen becomes soft again and this is 
designated as the annealed condition. The specimens 
used in this study were machined into the shape of 
ellipsoids of revolution from lengths of commercial 
bar stock.' Efforts to recrystallize the ellipsoids as 
single crystals removed the magnesium from the alloy 
and so the present measurements were made on poly- 
crystalline material. 

The superconducting measurements were made by a 
sensitive ballistic induction technique which measures 
the flux change in the specimen when the external mag- 
netic field is changed by uniform stepwise increments. 
The measuring method makes it possible to follow the 
flux changes in the specimen as it goes from the super- 
conducting to the normal state or visa versa. We have 
found it convenient to represent the transition in terms 
of the “effective” permeability of the specimen as a 
function of the applied magnetic field. A plot of this 
type is shown in Fig. 1 on which are represented the 
superconducting transitions for an alloy specimen in 
several conditions of hardness. The abscissa of Fig. 1 is 
a considerably expanded scale and it will be noted that 
the alloy transitions are relatively narrow. The measur- 
ing method employed makes it possible to compare the 
transition of an alloy specimen with a pure single 
crystal of aluminum of identical shape on the same 
experimental run. As can be seen in Fig. 1, the transi- 
tion for the alloy in the quenched condition closely 
approximates that of pure aluminum. The maximum 
displacement of the transition corresponds to maximum 
hardness of the alloy specimen, and the transition for an 
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annealed specimen again approximates that for pure 
aluminum. 

The experimentally determined critical fields have 
been plotted as a function of the square of the tempera- 
ture in Fig. 2. Data for the alloy specimens in the 
quenched, fully hardened, and annealed conditions are 
shown together with data for pure, single crystalline 
aluminum. Besides the relatively large magnitude of 
the displacement produced by hardening, it is note- 
worthy that analysis of the slopes of the alloy transition 
curves indicates that the electronic specific heat in the 
normal state is not affected by the hardening process. 
The observed changes in the superconducting prop- 
erties are attributed to the internal strain in the alumi- 
num lattice which develops as the Mg,Si begins to 
precipitate. It is hoped that work still in progress on the 
superconducting properties in intermediate conditions 
of hardness will yield further information on the way 
in which the stress fields in these specimens develop. 

From the viewpoint of the atomic theories recently 
advanced by Fréhlich* and by Bardeen,’ the substantial 
displacement of the critical field curve can be inter- 
preted as due to a change in the vibration spectrum of 
the lattice. The validity of this interpretation can be 
examined by experiments on the effect of precipitation 
hardening upon the Debye temperature. From a simple 
argument based on the Fréhlich-Bardeen concept it 
can be shown that the Debye temperature for a super- 
conductor should vary inversely with its critical tem- 
perature when the changes are induced by lattice 
strains. The magnitude of the changes in critical tem- 
perature observed in the present work are believed to be 
sufficiently large to correspond to measurable changes 
in the Debye temperature of this alloy if the above 
proportionality is correct. An investigation of this 
possibility is now being carried out. 

* This work has received partial support from the Office of 
Ordnance Research. 

t On leave from Preston Laboratories, Butler, Pennsylvania. 

! Kindly supplied to us by the Aluminum Company of America. 


*H. Frohlich, Phys. Rev. 79, 845 (1950). 
* J. Bardeen, Revs. Modern Phys. 23, 261 (1951). 


Distribution of Trapping Levels in 
Cadmium Selenide 


Haratp C, Jensen* AND Ropert J. CASHMAN 
Northwestern University, Evanston, Illinois 
(Received September 13, 1954) 


RAP distributions in phosphors have been in- 

vestigated with the glow curve technique by 
many workers including Randall and Wilkins,' Klasens,? 
Bude,’ Gillson,* and Johnson and Williams. The tech- 
nique involves cooling the phosphor in the dark, irradi- 
ating, and then warming again in the dark after the 
original phosphorescence has decayed to equilibrium. 
During the warming process the phosphor glows as 
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Fic. 1. “Electrical glow curves” taken in CdSe with 
various bias potential differences. 


traps are emptied by thermal activation and the in- 
tensity of glow is measured as a function of the tem- 
perature. The temperature at which the glow peak oc- 
curs is proportional to the energy depth of the traps 
and the height of the peak is proportional to the number 
of traps at that temperature.' 

An analogous procedure for the investigation of trap 
distributions in photoconductors is suggested by the 
work of Herman and Hofstadter® with willemite re- 
ported in 1940 and that of Frerichs’ with cadmium 
sulfide in 1949 where current pulses, instead of light 
pulses, occur during the warming of photoconducting 
materials, in the dark. Measurements of this nature 
were made by Dutton and Maurer® in 1953 on KCI and 
KBr who also measured absorption after irradiation, 
but both before and after warming, that gave definite 
correlation between absorption peaks and current 
peaks. Herman and Hofstadter used ultraviolet, 
Frerichs gamma rays, and Dutton and Maurer x-rays. 

Figure 1 exhibits “electrical glow curves” for a 
crystal of cadmium selenide (4 mm long by 1-mm? 
cross section) for each of four different bias potential 
differences and shows peaks at 125°K and 200°K for 
warming rates of about 2 degrees per minute. The slow 
increase of conductance above 235°K, as shown on 
the 180-volt curve, is presumed to be the normal semi- 
conductor increase of conductance with temperature. 
No further peaks were observed when the temperature 
was raised to 360°K. Furthermore, if the cycle of 
cooling and warming is performed without irradiation 
at the low temperature, no current is observed during 
the warming. The sample was kept in vacuum of about 
10-* mm of Hg to prevent condensation at the low 
temperatures. The excitation was produced with a 
small tungsten lamp operated at its normal power 
rating of six watts. 

Although the curves in Fig. 1 were all taken from 
the same sample of CdSe, other samples were investi- 
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gated and they also showed current peaks differing 
only in detail. It is to be noted that the currents in- 
volved here are many orders of magnitude larger than 
those mentioned by other workers. Frerichs reports a 
total charge of 10-7 coulomb in CdS and Dutton and 
Maurer report only 10~" coulomb, while the charge 
involved in the 22} volt curves for CdSe was 10-* 
coulomb. The large currents and charges reported here 
may be attributed to several factors: (1) higher original 
excitation, (2) high photosensitivity of CdSe to light 
in the visible portion of the spectrum, (3) larger bias 
potential differences used in this work, and (4) a 
possibility of higher trap densities in CdSe. 

The photosensitivity and the time required for photo- 
current decay in cadmium selenide are both very much 
greater at the low temperatures where the traps are 
active than at room temperatures where they cannot 
be active. Work involving this aspect of photocon- 
ductivity in cadmium selenide is in progress and will be 
reported later. 

The writers wish to thank Dr. Rudolf Frerichs for 
helpful discussions during the progress of this work and 
also to acknowledge partial support of the work by a 
grant from the Research Corporation of New York. 
They are also indebted to Dr. John E. Jacobs of the 
General Electric x-ray department at Milwaukee, Wis- 
consin for furnishing the samples of cadmium selenide 
which were made there by improvements of methods 
devised by Frerichs.° 


* On leave from Lake Forest College, Lake Forest, Illinois. 

‘i T. Randall and M. H. F. Wilkins, Proc. Roy. Soc. (London) 
A184, 365 (1945). 

2H. A. Klasens, J. Electrochem. Soc. 100, 72 (1953). 

3R. H. Bude, J. Phys. Chem. 57, 785 (1953). 

4J. L. Gillson, J. Opt. Soc. Am. 44, 341 (1954). 
9%) Johnson and F. E. Williams, J. Opt. Soc. Am. 39, 709 

49). 

®R. C. Herman and R. Hofstadter, Phys. Rev. 57, 936 (1940). 

7 Rudolf Frerichs, Phys. Rev. 76, 1873 (1949). 

8D. Dutton and R. J. Maurer, Phys. Rev. 90, 126 (1953). 

® Rudolf Frerichs, Naturwiss. 33, 281 (1946). 


Voltage Dependence of Electroluminescent 
Brightness 


B. T. Howarp, H. F. Ivey, anp W. LEHMANN 
Westinghouse Electric Cor poration, Bloomfield, New Jersey 
(Received September 3, 1954) 


HE voltage dependence of electroluminescent 
brightness is of considerable interest since it may 
provide valuable indications of the processes involved, 
and also since any theory which is proposed to explain 
the phenomena must be able to account for this de- 
pendence. 
Destriau' has proposed the relationship, 


L=aV" exp(—b/V), (1) 
where a and 6 are constants and n, in general, lies be- 


tween 1 and 3. Weymouth and Bitter? have stated, for 
a single phosphor particle, that the relationship be- 
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TaBLe I. Fit of Eq. (2) to several representative 
electroluminescent phosphors. 








Fre- 
Refer- quency 
ence (cps) 


1000 
1000 


b Vo 
(volts) (volts) b/Vo 


1200 
1050 
970 
1150 
600 


a 
(arb. units) 


7,.0X 10-% 
1.0 10~* 
1000. -2.iK10~7 
1000. 6.0 10~ 
60 = 2.0K10~7 
60 9.51077 


Material 


ZnS:Ag(WL.132)  * 

ZnS:Cu(WL.100)—*® 

ZnS:Cu(WL.168) 

ZnO: Zn(WH.200) - 
? 

° 





ZnS: 
ZnS: ? 





* These phosphors were made in this laboratory. 

+> E. Lowry, Physics Today 6, No. 7, 4 (1953). 

¢Waymouth, Jerome, and Gungle, Sylvania Technologist (July, 1952). 
tween brightness and voltage is linear with a ‘voltage 
threshold.” Thorington® has also reported a relationship 
of this type for phosphors in vacuum. Halsted and 
Koller,‘ using transparent thin films of ZnS, report 
that the brightness is related to voltage by a simple 
power law. Also, Piper and Williams® have explained 
the form of the voltage dependence by a rather complex 
equation involving the distribution of electron traps in 
the phosphor. However, since they used an experi- 
mental arrangement in which a ZnS single crystal was 
in contact with metallic electrodes, their data are not, 
strictly, applicable to the case which we are considering, 
namely that of a conventional plaque cell, in which the 
phosphor is embedded in a dielectric medium between 
two planar electrodes. 

However, none of these relationships provides good 
fit to all of the available experimental data over a large 
voltage range. Thus, we have tried to find an equation 
which, although having no more constants than that 
proposed by Destriau, could be universally applied. 
As a result, we have found that an equation of the form 


L=aV expl—b/(V+Vo) ] (2) 
satisfactorily fits the voltage dependence of the electro- 
luminescent output from a conventional plaque cell. 


The general form of Eq. (2) is similar to that of Eq. 
(1) in that it gives zero brightness at zero voltage and 
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Fic. 1. Comparison 
between the fit for Eqs. 
(1) and (2) for a typical 
electroluminescent phos- 
phor (ZnS:Cu). 
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infinite brightness at infinite voltage. However, Eq. (1) 
predicts a point of inflection under certain conditions 
while Eq. (2) does not. Also, Eq. (1) predicts a power- 
law dependence at high voltages while Eq. (2) gives a 
linear dependence. 

This equation has been tested on results reported 
from several published sources and we have also carried 
out more exhaustive comparisons with experimental 
results obtained in this laboratory. The results are 
shown in summarized form in Table I. In all cases the 
fit of the curve, given by Eq. (2), to the experimental 
results was as good as, or better than, that of the other 
relationships proposed. A typical example is shown in 
Fig. 1 for a ZnS:Cu phosphor prepared in this labora- 
tory. It can be seen that, while the Destriau relationship 
gives considerable deviation at low voltages, Eq. (2) 
provides good agreement over the whole voltage range. 
The deviation at very high voltages, shown in this 
figure, has been observed in only a few cases and gen- 
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Fic. 2. Variation of the constants a, b, and Vo of Eq. (2) with 
frequency of applied electric field (ZnS:Cu). 


erally lies within the limits of experimental accuracy. 
Nevertheless, this apparent inconsistency is being 
investigated more fully. 

It can be seen from Table I that, although there is 
considerable variation in the constant a due to the 
different arbitrary units of brightness which have been 
used, the values of the constants 6 and V9 are restricted 
to comparatively small ranges, 6 being of the order of 
1000 volts and Vo of the order of 50 volts. Further, the 
dimensionless quantity 6/Vo, which is independent of 
cell thickness, shows even more constancy and seems 
to depend upon the activator used in the phosphor. 

We have also studied the frequency dependence of 
the constants 6 and V9; the results are shown in Fig. 2. 
It appears that both b and Vo have a slight dependence 
upon frequency which can be expressed by the rela- 
tionship, 


b=b'f”, (3) 
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Vo = Vo'f*, (4) 


where the exponent m is the same in both cases. This 
results from the fact that the ratio b/V» remains con- 
stant over the whole frequency range, as we have shown 
in the diagram. The frequency dependence of the 
constant a, also shown in Fig. 2, appears to be somewhat 
more complex; this is not too surprising since it would 
appear that this constant is the most sensitive to ex- 
ternal influences. 

No attempt has been made, in this Letter, to in- 
terpret the implications of Eq. (2) but a more com- 
plete account of this work will be published at a later 
date. 

1G. Destriau, Phil. Mag. 38, 700 (1947). 

2 J. Waymouth and F. Bitter, Phys. Rev. 95, 941 (1954). 

8. Thorington, Spring Meeting, Electrochemical Society, 
Philadelphia, May 4-8, 1952 (unpublished). 

4R. Halsted and L. Koller, Phys. Rev. 93, 349 (1954). 


5W. Piper and F. Williams, Conference on Luminescence, 
Cambridge, April 7-10, 1954 (unpublished). 


Magnetic Anisotropy Constants of 
Ferromagnetic Spinels 


R. S. Weisz 


David Sarnoff Research Center, RCA Laboratories, 
Princeton, New Jersey 
(Received September 15, 1954) 


N calculations involving magnetization processes, 
it is necessary to know the magnetic anisotropy 

constant of the material in question. Unfortunately, 
this information is lacking for most ferromagnetic 
spinels. Single crystals of NiFe,O, and CoFe,O, made 
by the flame-fusion method apparently always have 
some ferrous iron present! and are, therefore, in reality 
mixed crystals with magnetite, Fe;04. Magnetite, how- 
ever, has been made in single crystals of good purity” 
and K,, the first order magnetic anisotropy constant, 
measured** as — 1.1 10° ergs/cm’. 

One can calculate anisotropy constants for the ferro- 
magnetic spinels as follows. Went and Wijn® have pre- 
sented strong evidence that, unlike metals, the initial 
permeability, uo, of sintered, polycrystalline ferromag- 
netic spinels is predominantly due to spin rotation. 
We then have 

po—-1=kM?/K,, 


where M, is the saturation magnetization and k is a 
constant variously given** as 7, 4/3, and 84/3. From 
the known data for magnetite (uo=45 for sintered ma- 
terial and M,=480, both at room temperature) we 
find k= 21. Now taking this value for k we find K, for 
the other ferromagnetic spinels. Initial permeability of 
dense, polycrystalline materials was obtained by the 
author for carefully prepared samples. These were 
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Fic. 1(a). Calculated anisotropy constant, K;, (b) observed 
average magnetostriction constant, d,, plotted against M, for the 
ferromagnetic spinels, MFe,O,. Below each M is the ground-state 
term of Mtt. 


cooled slowly and are presumably nearly strain-free, 
with the exception of CuFe,O,4 which had to be 
quenched. Values of M, at room temperature were ob- 
tained in these laboratories and from other appropriate 
sources.’ 

The calculated values of | K;| for MFe.O, are plotted 
in Fig. 1(a) versus the ground-state term of M*+, One 
will note there the direct correspondence between K, 
and J, the inner quantum number of Mt. Such a rela- 
tionship is expected in view of the dependence of mag- 
netic anisotropy on spin-orbit coupling. Van Vleck" 
has discussed a similar behavior in the paramagnetic 
bivalent salts of the iron series, 

We find by our calculations, K,;= —4.0X 104 ergs/cm!® 
for NiFe,O,4 and K,= —3.4X 10° for CoFe,O,4. Experi- 
mental values are, respectively,!'' —5.110* and 
—1.7X10°. Since these experimental values were ob- 
tained on crystals containing some magnetite in solid- 
solution,’ it seems reasonable that K, for NiFe.O, is 
higher and K, for CoFeO,, lower, respectively than 
what we calculated for pure materials. 

Figure 1(b) is a plot of |A,|, the average value of the 
saturation magnetostriction for sintered, polycrystalline 
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ferromagnetic spinels. (We have ignored the fact that 
\, is positive for Fe;O4 and negative for the others). 
The values for \, were obtained here (with the exception 
of CoFe,0,4)" and are believed to be accurate to +25 
percent. One will note again the same type of depend- 
ence on J. 


1R. M. Bozorth and J. G. Walker, Phys. Rev. 88, 1209 (1952). 

2 J. Smiltens, J. Chem. Phys. 20, 990 (1952). 

3L. R. Bickford, Jr., Phys. Rev. 78, 449 (1950). 

*H. Danan, Compt. rend, 238, 1304 (1954). 

5 J. J. Went and H. P. J. Wijn, Phys. Rev. 82, 269 (1951); see 
also F. Brown and C, Gravel, Phys. Rev. 95, 652 (1954). 

®R. M. Bozorth, Ferromagnetism (D. Van Nostrand Company, 
Inc., New York, 1951), pp. 821-2. 

7C. Kittel, J. phys. et radium 12, 291 (1951). 

8H. P. J. Wijn, dissertation, Leiden, 1953 (unpublished), p. 37. 

®R. Pauthenet and L. Bochirol, J. phys. et radium 12, 249 
(1951); references to earlier work may be found here. 

0 J. H. Van Vleck, Phys. Rev. 41, 208 (1932). 

1D). W. Healy, Jr., Phys. Rev. 86, 1009 (1952). 

2 R. Vautier, Compt. rend. 235, 356 (1952). 


Infrared Spectrum of Barium Titanate* 


R. T. Mara, G. B. B. M. SuTHERLAND, AND H. V. Tyre. 


Randall Physics Laboratory, University of Michigan, 
Ann Arbor, Michigan 


(Received September 16, 1954) 


HE infrared absorption of barium titanate 
(BaTiO;) has been studied between 2u and 33y. 
The spectrum obtained (Fig. 1) consists of two broad 
bands, one centered near 550 cm™, the other starting 
near 450 cm™ and reaching a maximum beyond 300 
cm™~, The low transmission in the high-frequency end 
of the spectrum is due to scattering since the barium 
titanate was examined as a fine powder deposited on a 
KBr (or NaCl) plate from a suspension in isopropyl 
alcohol. 

Several specimens of barium titanate were examined. 
The majority showed additional bands at 6.95, 9.45, 
and 11.654, which were proved to be due to carbonate 
ion impurities. Other impurity bands were noted at 
7.1, 10.3, 11.05, 11.4, 11.85, and 12.854, but the im- 
purities were not identified. The spectrum of a very 


Fic. 1, The infrared absorption spectrum of BaTiOy. 
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Fic. 2, The infrared absorption spectrum of SrTiOs. 


pure specimen of powdered strontium titanate (SrTiOs) 
was observed between 2y and 15y (Fig. 2). It is identical 
with that of barium titanate obtained under similar 
conditions over that region of the spectrum. Noland! 
has recently reported the spectrum of a single crystal 
of strontium titanate between 1u and 10.54, at which 
wavelength the extinction coefficient is greater than 
100 cm™ and is still increasing. He finds two weak 
bands near 5.54 and 7.5. These could easily have been 
missed by us since our effective thickness was much 
less than the thickness he used. We might add that the 
spectrum of a single crystal of barium titanate just 
run in this laboratory by M. Haas shows a weak band 
at 8u and a “cutoff” near 11.24. The spectrum of 
ilmenite (FeTiO;) has been recorded by Hunt and 
others.? With the exception of a weak band at 1000 
cm™, it is also very similar to that of barium titanate. 

Apart from impurity bands, there appears to be no 
difference between the spectrum of barium titanate in 
the hexagonal and in the tetragonal form over the 
range 2u to 154. No change was observed in the spec- 
trum of barium titanate (ceramic) when heated to 
150°C, 

The foregoing observations may be considered in the 
light of recent theories about the ferroelectric character 
of barium titanate. 

Jaynes® has predicted from an electronic theory that 
there should be an infrared absorption at 1000 cm~. 
There is definitely no strong absorption band in the 
neighborhood of 1000 cm. Although a few specimens 
have shown a very weak absorption near 1000 cm™', 
this is most probably due to BaO impurity. 

Megaw‘ has proposed that the change from the cubic 
form (above the Curie point of 120°C) to the tetragonal 
form corresponds to a change in the character of the 
bonds round the Ti and O atoms. If this were so, one 
might expect a change in the spectrum on heating to 
150°C and also differences between the spectra of the 
tetragonal and hexagonal forms of BaTiO; since the 
latter is not ferroelectric. This change should be very 
marked in the strong band near 600 cm™ since this band 
[which is common to all titanates and is found also in 
rutile (TiO,) ] is undoubtedly connected with a vibra- 
tion of the TiO, tetrahedra. No such change was ob- 
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served. It is possible, of course, that changes may have 
occurred at lower frequencies beyond our range of 
detection. 
* This work was sponsored by the Signal Corps. Engineering 
Laboratory. 
tf Noland, Phys. Rev. 94, 724 (1954). 
? Hunt, Wisherd, and Bonham, Anal. Chem. 22, 1478 (1950). 
SE. T. Jaynes, Ferroelectricity (Princeton University Press, 
Princeton, 1953), p. 69. 
*H. D. Megaw, Acta Cryst. 5, 739 (1952). 


Hyperfine Splitting of Donor States 
in Silicon 
J. M. Lurrimcer* anp W. Kount 
Bell Telephone Laboratories, Murray Hill, New Jersey 
(Received September 3, 1954) 


LECTRON spin resonances exhibiting hyperfine 
structure have recently been observed in n-type 
Si by Fletcher et al.' The number of hyperfine lines of 
these resonances corresponds exactly to the nuclear 
spin of the added Group V atoms, showing conclusively 
that the resonances are due to electrons localized near 
such atoms. It has therefore been assumed! that the 
resonances arise from the well-known donor states with 
ionization energies of about 0.04 to 0.05 ev. We have 
made a theoretical estimate of the hyperfine splitting 
of phosphorus donor states to be expected on this 
assumption and find agreement with experiment within 
a factor of ~2.5. (We estimate the uncertainty of our 
theoretical result as about a factor of 5.) 

Following is a brief summary of our calculations; a 
detailed report will be published shortly. The conduc- 
tion band of Si has 6 minima on the (1,0,0) and equiva- 
lent axes.” The effective masses at one of these minima 
are 0.19m (twice) and 0.99m. Let ¥(k,r) be the 
Bloch function corresponding to the energy minimum 
at k“, so normalized that 


fiva,n |*dr = volume of unit cell, (1) 


and phased so as to be real at r=0. It may then be 
shown that in the so-called effective mass approxima- 
tion, the normalized ground-state wave function of the 
donor electron has the following form: 


(2) 


H(t) =—— F FOC Y(k,2). 
(6)h 


The F(r) satisfy effective mass equations with the 
above masses and the potential —e?/xr (x=dielectric 
constant), They are taken as real and are normalized 
to unity over all space. The hyperfine splitting is then 
determined by the value of 


|¥(0) |?=6] F (0) [?|¥(k,0) |*. (3) 
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To obtain agreement with experiment one requires 


ly(0)|? = =0.44 10" cm. 


exptl 


(4) 


From an approximate solution of the effective mass 
equation we find |F“)(0)|?=(0.000037+ 10%) x 10" 
cm-*, while an estimate of |y(k‘,0)|*, if we use the 
tight-binding approximation, gives 370 within a factor 
of about 2. When substituted into (3), these values give 

(|¥(0) |?) = 0.082 X 10% cm~*. (5) 
eff. mass 

When the ionization energy is calculated by the 
effective mass formalism one finds 0.028 ev, in rather 
serious disagreement with the observed 0.044 ev.4 We 
have made rough allowance for the breakdown of the 
effective mass theory near the impurity atom. The 
resulting wave function, when the experimental binding 
energy is used, is rather larger in the last cell, and re- 
sults in an increase of (5) by a factor of about 13. The 
final value is 


(6) 


(|w(O)|?) 1.110% cm, 
theor 


The fact that (6) agrees with the experimental value 
[Eq. (4) ], well within the uncertainty of the calculation, 
lends support to the picture that the observed reso- 
nances are associated with the usual donor states. 

This work was carried out while we were guests of 
the Bell Telephone Laboratories, and we would like to 
thank the staff for their cooperation and friendliness. 

*Permanent address: University of Michigan, Ann Arbor, 
Michigan. 

ft Permanent address: Carnegie Institute of Technology, Pitts- 
burgh, Pennsylvania. 

1R. C. Fletcher e¢ al., Phys. Rev. 94, 1392 (1954); 95, 844 


(1954). 
*C. Smith, Phys. Rev. 94, 42 (1954); B. Lax and co-workers 


(private communication). 
3B. Lax and co-workers (private communication). 
4F. J. Morin et al., Phys. Rev. 96, 833 (1954). 


Elastoresistance in p-Type Ge and Si* 


E. N. ADAMS 
Chicago Midway Laboratories, Chicago, Illinois 
(Received September 10, 1954) 


MITH has reported! a large elastoresistance effect 

in Ge and Si of both n- and p-type. In n-type ma- 
terial there is an accumulation of evidence to support 
the explanation that the large elastoresistance is brought 
about by a strain-induced transfer of electrons between 
nonequivalent anisotropic energy minima in the con- 
duction band,.? However, no such electron transfer 
mechanism seems capable of explaining the large elasto- 
resistance of p-type material, since the spin-orbit 
coupling model’ now seems firmly established, and this 
model predicts that the two nearly degenerate surfaces 
in the valence band have cubic symmetry individually. 
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We believe that the large elastoresistance of p-type 
specimens originates in a strain-induced mixing of the 
nearly degenerate bands and a consequent strong warp- 
ing of the energy surfaces. We have carried through a 
formal theory of this process using the methods of 
Fuchs and Peng,‘ McClure,® and Shockley,*® and assum- 
ing the spin-orbit coupling model. Our result is that to 
first erder in the strain the energy states in the strained 
lattice are given by 


E(p) = (A+2B) p’/34R+ p:e- p/m—p-e-V,E(p) 
+ (Eyi+2E\2)e/344R, (1) 


with 
R’= (A—B)*p*/9 
+(C?—(A—B)* [p.*p,?+ p,'p2+ pip.’ J/3, 


AR= (1/R) (CE pspyery + PyPstyst PePsts2\/3 
+(A—B)(Eu—Ex)[(3p2— p) (3¢22—€) + (3p7— Pf’) 
X (3ey)—€) + (3p2—p?) (3enn—e) 1/27). (3) 


The + and — signs refer to the energy surfaces for the 
carriers of small and large mass, respectively. In the 
above equations e denotes the tensor of strain, ¢ its 
trace. The constants Ey, Ey, and Ey are three unknown 
matrix elements which enter the theory. Their desig- 
nations are chosen to emphasize that they transform 
like the components of a fourth rank tensor under cubic 
symmetry operations. The £,; are expected to have the 
order of magnitude of electron volts, so the terms in 
(1) proportional to the Ej; are by far the largest for 
the states responsible for semiconduction properties. 

A theory of the elastoresistance based on the above 
expressions for the energy levels shows that in the 
notation of reference 1, the volume elastoresistance 
coefficient (Mi,:+2M2)/3 is small compared to M4, 
in agreement with experiment. Of the other two prin- 
cipal coefficients, M44 is proportional to CE4/kT and 
(M \:+ M),/2) is proportional to (A — B) (E4,;— Ey2)/2kT 
as might be expected. Experimentally, (Mi:—M12)/2 
is small compared to My. This we must interpret as 
implying that (Z;,;—£,2)/2 is small compared to Eu, 
since the parameters (A — B) and C as determined from 
the cyclotron resonance experiment have the same 
order of magnitude. 

Our formal theory does not suggest why Ey is rela- 
tively so large. However, we believe the physical reason 
is not difficult to conjecture. Essentially E44 is a matrix 
element of the strain-induced incremental electron 
potential for a shear which changes the angles between 
the cubic axes while (Z,,—E2)/2 is a matrix element 
of the potential for a strain which does not change the 
angle. To first order in ¢ only the former type of strain 
can cause a change in the nearest neighbor distances, 
and we suspect that that is the underlying physical 
reason why £4, is relatively so large. 

We think it encouraging that the spin-orbit coupling 
model is capable of giving a satisfactory account of the 
large elastoresistance in p-type material without the 


(2) 
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introduction of separate energy minima, since so many 
other data seem to be satisfactorily accounted for on 
that model. The principal fact of observation remaining 
to be understood is the strange temperature dependence 
of mobilities in p-type materials. We have under way a 
calculation which attempts to explain this temperature 
dependence on the basis of the theory referred to above. 


* Details of the calculations described herein are contained in 
CML Technical Note No. CML-TN-P8, and are available on re- 
quest from the Cheage Midway Laboratories, 6040 S. Green- 
wood Ave., Chicago 37, Illinois. This research was supported in 
whole by the U. S. Air Force. 

1C.S. Smith, Phys. Rev. 94, 42 (1954). 

*F, Herman and J. Callaway, Phys. Rev. 89, 518 (1953); 
B. Abeles and S. Meiboom, Phys. Rev. 95, 31 (1954); Dresselhaus, 
Kip, and Kittel, Phys. Rev. 92, 547 (1953); Lax, Zeiger, Dexter, 
and Rosenblum, Phys. Rev. 93, 1418 (1954). 

* Dresselhaus, Kip, and Kittel, Phys. Rev. 95, 568 (1954); 
Dexter, Zeiger, and Lax, Phys. Rev. 95, 557 (1954); Dexter and 
Lax (on p—Si), (to be published); A. Kahn, thesis, University of 
California, 1954 (unpublished). 

*K. Fuchs and H. W. Peng, Proc. Roy. Soc. (London) A180, 
451 (1942). 

® Joel W. McClure, thesis, University of Chicago, 1954 (un- 
published). 

* W. Shockley, Phys. Rev. 78, 173 (1950). 


Energies of x~ Mesonic X-Ray K Lines* 


M. B. Stearns, M. Stearns, S. DEBENEDETTI, AND L. LEIPUNER 
Carnegie Institute of Technology, Pittsburgh, Pennsylvania 
(Received September 13, 1954) 


S reported in a previous Letter,' we have studied 
the energies of the 2p—> 1s transitions of the 
®~ mesonic x-rays using the method of critical ab- 
sorption. The main purpose of this study is to search 
for possible shifts caused by a specifically nuclear inter- 
action of the meson. A description of the experimental 
technique and of the method of calculation can be 
found in reference 1. The results are given below. 
Lithium.—This is the lightest element whose mesonic 
x-rays can be detected with our equipment. Its 2p — 1s 
line (Table I) should fall between the K edges of Pd 
(Z=46, edge energy 24.35 kev)? and Ag (Z=47, edge 
energy 25.51 kev). Metallic foils of Z=42, 45, 46, 47, 
48, 49, and 50 were used in the absorption experiments. 
The thickness of the foils corresponded to a trans- 
mission of 50 percent for x-rays just below the K- 
absorption edge. The resulting pulse-height distribution 


Taste I. Lithium and beryllium r-mesonic x-ray energies. 








Lithium 
2p - 1s 


Beryllium 
2p 1s 





Klein-Gordon energy for 

Me =272.5me (kev) 
Vacuum polarization* (kev) 
Finite nuclear size 

(for ro=1.2 X10" cm) (kev) 
Computed energy (kev 
Experimental determination (kev) 


24.520 
+0.096 


—0.033 
24.58 
23.22 <E <24.35 


43.82 
+0.20 


—0.12 
43.90 
42.00 <E <43.57 








* H, C. Corben and A. Mickelwait (private communication). 
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Fic. 1. Pulse-height distribution showing the transmission of 
the lithium 2 — 1s -mesonic line through absorbers Z= 42, 45, 
46, and 47. The errors indicated are standard statistical errors. 


curves for absorbers close to the transmission dis- 
continuity are plotted in Fig. 1 and show that the line 
under study lies between the edges of Rh (Z7=45, edge 
energy 23.22 kev) and Pd. This corresponds to a shift 
of at least 230 ev and no more than 1360 ev toward 
lower energy. 

Beryllium.—The absorbers used were thin-walled 
Lucite cells, 1 cm thick, containing an aqueous solution 
of a salt of the absorbing element. The concentration 
was such as to give a factor 4 in transmission above and 
below the K edge. The 2p— 1s line of Be (Table I) 
should fall between the edges of elements 60 (Nd, 43.57 
kev) and 61 (Pm, 45.2 kev). 

The curves obtained for elements 57, 58, 59, 60, and 
62 are shown in Fig. 2. From this series and many other 


s-x---Lo(57) x | 
---+--- Ce (58) 4s4000- 
-—O— Pr (59) 3000+ 
—e—Nd(60) & 
—#— Sm(62) eee | 
9 1000 - 


Miinindscieepwmsniikadll. § 
5 10 1S 20 


CHANNEL NUMBER 


Fic. 2. Pulse-height distribution showing the transmission of 
the Be 2p — 1s -mesonic line through absorbers Z= 57, 58, 59, 
60, and 62. Also shown as a function of Z are the transmitted 
intensities and the positions of the peaks. This figure should be 
compared with Fig. 1 of reference 1. 





similar runs it appears that the Be 2p — 1s transition 
definitely lies below the edge of Nd (Z=60) and above 
the edge of Pr (Z7=59, 42.00 kev). This corresponds to 
an energy shift of at least 330 ev, and not more than 
1900 ev toward lower energy. However, the line seems 
to lie closer to Pr than to Nd indicating a shift nearer 
to the larger value. Measurements of peak positions 
relative to known lines indicate a similar negative shift 
(see Fig. 3). 
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Fic. 3. Pulse-height distribution showing peak position for the 
Be 2p — 1s x-mesonic line compared with other mesonic lines of 
known energy [P (M), 40.5 kev; F (ZL), 41.6 kev; Cl (M), 52.1 
kev ]. As a result of the comparison the Be energy is 42.94-0.5 kev 
corresponding to a negative shift of about 1.0+-0.5 kev. 


Boron.—The results obtained to date are not fully 
understood. Further studies with the separated iso- 
topes will be made before reporting on this element. 

Carbon, nitrogen, oxygen, and fluorine.—The K- 
mesonic lines of these elements cannot be studied with 
the critical absorption technique. We have measured 
their energies using the pulse-height selector and have 
found negative shifts varying roughly from 7 percent 
for carbon to about 13 percent for fluorine. The results 
of these measurements will be described in a later 
communication. 

In conclusion we have observed that the 2p— 1s 
lines in the elements lithium to oxygen are shifted to 
lower energies with the possible exception of boron. 
This indicates an effective repulsive potential between 
the meson in the 1s state and the nucleus. 

* Supported in part by the U. S. Atomic Energy Commission. 

1 Stearns, Stearns, DeBenedetti, and Leipuner, Phys. Rev. 95, 
1353 (1954); Stearns, Stearns, Leipuner, and DeBenedetti, Phys. 
Rev. 95, 625(A) (1954). 


? The K-absorption edge values were taken from a recent com- 
pilation of Lewis Slack, Naval Research Laboratory. 


Formula for Polarization in 
Nucleon-Nucleon Scattering* 
G. Breit AND J. B. EnRMAN 


Yale University, New Haven, Connecticut 
(Received September 7, 1954) 


HE importance assumed by experiments! on the 
polarization of nucleons makes it desirable to 
have available a general formula for the calculation of 
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polarization effects. The quantity under consideration 
is that usually denoted by P which is related to 8, the 
mean spin component normal to scattering plane in a 
single scattering experiment with unpolarized particles, 
by P=28,. An explicit formula in terms of the scatter- 
ing matrix referred to weak-field spin states is available 
in several theoretical papers,’ for example in Eq. (15) 
of Goldfarb and Feldman.? In principle, these formulas 
solve the problem but the work involved in the transi- 
tion to special forms containing phase shifts is large 
at times. It appeared desirable therefore to reduce the 
general expressions to a point representing a compro- 
mise between compactness and explicitness. For p—p 
scattering, 

@. 


k°( Po)» -»=2 sin cosg Im{a;(a2+a,)* 


— (1—p?)ayars*+a4*(asta.)}, (1) 


where the colatitude and azimuthal angles 0, ¢ are as 
in Swanson’s paper, k= 2m times reciprocal of wave- 
length, Im indicates the imaginary part of expression 
in braces. The six quantities a, a2, «++, a, are as follows: 


a= —ZL(L+2)Q0141(L) — (2L4+-1)01(L) 
- (?— 1)Qr-1(L) JEP 1’ / L(+ 1) Jexo 
— 2BU(I+-1) Pie’ — (+2) Py], 
a= Zhezol (L+2)0141(L) 
+ (2£+1)01(L)+ (L—)Or-s(L) JP 
— (1+1)(1+-2)B(Pu2t Po, 
a3=Zherol LOr41(L) — (2L+1)01(L) 
+ (£4+1)Q1-1(L) LP 2"/L(L+1)] 
—B(Pis!’+ Pi’), 


ag=Zezol Ory1(L)—QOr-1(L) JP x’ 
— 2B (/4+-1) Pus’ — (+2) P/'], 


a5= Lerol (L+ 1)Qr41(L)+ LOi-1(L) JP1 
+2B(I+1)(1+-2)(Pu2t Po, 


ae= }n{ —s* exp(—in Ins*)+e~ exp(—in Inc’) ], 


(4) 


(5) 


(6) 
(7) 


where 


Qs(L)=[—1+exp(2i6 7”) 1/ (21), (8) 


é1o= exp(2io 10) = exp 2i(tan(n/L) 
+tan(n/(L—1))+++++tan-'») J. 


5,” is the phase shift for total angular momentum Jh 
and orbital angular momentum Lh, while the other 
symbols have the following meaning: n= e?/hv, v= rela- 
tive velocity; s=sin@/2, c=cos0/2, 0= scattering angle 
in center of mass system; u=cos#, Pp=Pr(u), Pr’ 
=dP,/dy, P;''=@P,/dyp?. If there is no coupling be- 
tween states of different L for the same J the constant 
B=0. If states with J=/+-1 having values L=/ and 
L=I+2 are coupled to each other, then 


B= 3Ciuy2(l+-1)4(L4+-2)-4 explion ot+-ion,s o], 


(9) 


(10) 
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where C;,142 is as in Thaler, Bengston, and Breit and 
QOis(2), Q4s(l4+-2) are modified by replacing them by 
OusD+Cu, Qui(l+2)+Crue 42. The matrix 


Q-+C_-, 
Cy-, 


(T)= (11) 


god 
Q.4+C,47° 


can then be related to (S) by 
(T)=({(S)—1]/(2%), 


and (S) is a general unitary symmetric matrix ex- 
pressible by means of 3 parameters. The subscripts — 
and + are used to indicate the smaller and larger of 
the two L. The Q as used in Thaler, Bengston, and 
Breit have a generic meaning in connection with the 
special model used by them. In calculations, however, 
the diagonal eseneny of (T) enter instead in the equa- 
tions for a, -- 

Substitution ay Eqs. (2), (3)-++, (7) into Eq. (1) 
enables one to collect coefficients of a product involving 
two Q’s such as (, Q2*. These combine with terms in 
Q,* which can be converted under the Im sign to the 
order (,0* by taking the complex conjugate and chang- 
ing the sign. For uncoupled terms, 


Im(Q20,*) = sind: sind, sin (d2—5,) 


(12) 


then gives readily the forms needed for numerical work. 

In Eq. (1) the sums over L are supposed to be taken 
over odd values only. The formula can be used for the 
calculation of (Pe)»-, provided a coefficient } is in- 
serted on the right side, thus changing the 2 in front of 
sin@ to 4 and provided the sum is made to extend over 
odd and even L employing all triplet states. In both 
cases the singlet states do not enter. 

* Assisted by the Office of Ordnance Research, U. S. Army. 

1 Oxley, Cartwright, Rouvina, Baskir, Klein, Ring, and Skill- 
man, Phys. Rev. 91, 419 (1953); L. F. Wouters, Phys. Rev. 84, 
1069 (1951); Marshall, Marshall, Nagle, and de Carvalho, Phys. 
Rev. 93, 1431 (1954); Chamberlain, Donaldson, Segré, Tripp, 
Wiegand, and Ypsilantis, Phys. Rev. 95, 850 (1954); Kane, Stall- 
wood, Sutton, Fields, and Fox, Atomic Energy Commission Report 
NYO-6569, July 6, 1954 (unpublished), to cite some of the many 


recent — 
fee} 73, 407 (1948); 


ee + a iG Phys. Rev. 69, 681 
olfenstein, Phys. Rev. 75, 1664 (1949); 16, 541 (1949); 


o, Ff, 8. Goldfarb and D. Feldman, Phys. Rev. 88, 1099 (1952); 
D. R. Swanson, Phys. Rev. 89, 749 (1953); R. H. Dalitz, Proc. 
Phys. Soc. (London) A65, 175 (1952); A. Simon and T, A. Welton, 
Phys. Rev. 90, 1036 (1953). 


Formula for Polarization in p-p Scattering 
for P and F Waves* 


M. H. Hutt, Jr., anp A. M. SAPERSTEIN 
Yale University, New Haven, Connecticut 
(Received September 7, 1954) 


N expression for the calculation of polarization of 
protons produced by single scattering taking into 
account P and F waves has been worked out and is 
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given below. Coupling between *P2 and *F2 is neglected, 
but otherwise the most general condition describable by 
a set of phase shifts for states of definite orbital as well 
as total angular momentum is considered. The result is 
written in a form convenient for numerical work. 

If P is the polarization, defined as twice the expecta- 
tion value of the y component of the spin,’ then 


k®( Po) »-p= (a+b cos*0+<c cos‘) sin? cos# cosy 
—2 Im{a.*[ $e10(02(P)—Q:(P)) 
— heso(—802(F) —70;(F)+1504(F)) ] 
— ac er0(Q2(P) —Qo( P))*—$e0(Qa(F) —Q2(F))*]} 
X sind cosg—2 Im{a,*[ $e30(—802(F) —703(F) 
+1504(F)) ]—a{_(15/2)es0(Qa(P) —Q2(F))* J} 


Xsiné cos’# cos¢, 


(1) 


where @ is the single scattering cross section, k the 
wave number of the incident protons. Other quantities 
are: ¢,0=exp(2ic,o0), where a, is the Coulomb phase 
shift and ¢,o=o,—200; 0s (L) =exp(ib,") sindy”, where 
6,” is the phase shift in a state of orbital angular mo- 
mentum LA and total angular momentum Jh; 


= (n/4)[—s~ exp(—in Ins’) 
+e~ exp(—in Inc) ], (2) 


where n=e?/hv, s=sin(6/2), c=cos(6/2), 6 is the scat- 
tering angle in the center-of-mass system, v the relative 
velocity ; 


a= 9{ (P1,P2)+3(Po,P2)+ (7/12) (F3,F2) 
— (77/12) (F4,F 2) — (35/24) (F'4,F3)+ (Fo, P1,31) 
+ 2(F2,Po,31) — (10/3) (Fe, P2,31) — (7/12) (F3,P 2,31) 

+ (5/3) (F4,P0,31)+ (5/2) (F4,P1,31) 
— (23/12) (F4,P2,31)} ; 


b= (1/16) { —420(F's,F'2) +6020(F4,F2) + 1540(F4,F') 
+ 1200(Fs,P2,31) —840(F4,P1,31)+420(F3,P2,31) 
—220(F4,P2,31) —560(F4,Po,31) }} ; 


c= (25/8){140(F2,F'4)+49(F3,F4)}, 


(3) 


(4) 
(S) 
where 


(Ly,Ly’)=sinby” sindy” sin(6;4—5,-”), 


(Ly,Ly’,31) = sind 4 sind’ sin (6,2 —5 yh’ + 2031), (6) 


and 


OLL'=CL—OCL’, with o,—o,_\= tan-!(n/L). 


This result agrees with that of Goldfarb and Feldman! 
up to second order in cos@ if coupling is neglected in 
their work and Coulomb terms are neglected in Eq. (1). 
It has been checked throughout with the zero-coupling 
limit of the result of Breit and Ehrman.? 
° a ye by the Office of Ordnance Research, U. S. Army. 
L. J. B. Goldfarb and D. Feldman, Phys. Rev. 88, 1099 (1952). 


6. Breit and J. B. Ehrman, preceding Letter [Phys. Rev. 96, 
805 (1954) ]. 
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Phase Shifts for Nucleon-Nucleon 
Scattering at 280 Mev* 


G. Breit, J. B. Eurman, A. M. SAPERSTEIN, 
AND M. H. Hutt, Jr. 


Yale University, New Haven, Connecticut 
(Received September 7, 1954) 


ECENT results on the polarization of nucleons as 

measured by double scattering have given more 
specific indications regarding phase shifts' than have 
been previously available. In particular, the more re- 
cent data’ at 280 Mev indicate® the presence of phase 
shifts for orbital angular momenta L>1 at this energy. 
A closer examination shows that even more specific 
conclusions can be drawn. 

If the analysis of (Pe), , is confined to orbital 
angular momenta L <4, it may be shown that even if 
one assumes the presence of coupling between *P2 and 
*F., the terms in sin@ cosg cos*# can be present only if 
there is a *F, phase shift 64”. The presence of terms of 
above type in (Po),-, indicates, therefore, that there 
are effects caused by F-wave phase shifts 6” originating 
directly rather than through coupling to states of lower 
orbital angular momenta. The conclusion regarding the 
presence of direct 5” effects rests heavily on the presence 
of the term 0,116(sin6@) mb/sterad in the analysis of 
(Pe) pp. According to the authors,’ the presence of 
this term is not quite certain since the data can be 
represented reasonably well without it. Considering the 
Fourier analysis of the experimental curve by means of 
Fourier’s formula, the coefficient 0.116 is a sum of two 
positive integrals in the intervals from (0°,30°) and 
(60°,90°) and one negative integral over (30°,60°). 
Each of the positive integrals is ~3 times the sum of 
the three so that the accuracy of the result is rather 
poor. The most uncertain of the three is the integral 
over (0°,30°). The knowledge of the curve in this region 
would admit an error of 10 percent in the integral over 
it corresponding to an error of perhaps 30 percent in the 
number 0.116. A qualitatively incorrect value of this 
coefficient thus appears unlikely but is not altogether 
excluded since both for p— p and p—n the experimental 
points at 618° are systematically off the curves. If 
the data could be made more accurate in this respect, 
clarification regarding F waves would result. 

Since there is little doubt regarding the presence of 
noncentral forces at low energies, as indicated by the 
quadrupole moment of the deuteron, it appears likely 
that there are differences between different 6? and be- 
tween different 6”. The coupling of *S, to *D, is very 
likely for the same reason. Calculation shows that if 
5»? =5;?=0 and if all phase shifts but 6”, 6° are neg- 
lected then (Po), -, contains no term in sin@ cos@P, 
X (cosé) the only dependence being on sin@ cos@. While 
it is probable that the differences in the 6? and the 
coupling of *S, to *D, are connected through the inter- 
action energy, one can separate phenomenologically the 
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coupling from the direct occurrence of 5y? and 43”. In 
this sense the *D, state caused by *S; does not produce 
sin@ coséP2(cosé) terms, without the aid of cross prod- 
ucts involving the pairs S-G, D-D, P-F, etc., the sum 
of the L’s in a product being even if an odd power of 
cos# multiplying the factor sin@ is desired. 

Among the D-D combinations the *),—*D, term does 
not occur with sin@ cos@ similarly to the absence of 
3F;—F, combinations with sin@cos@. Presence of 
coupling between *D, and *S; or between *F, and *P: 
does not interfere with this rule. The conclusion re- 
garding the role of *S,;—*D, coupling differs only in 
emphasis from that of Fried, the possibility of *D» 
='P;=0 in the presence of the coupling being spe- 
cifically considered here. 

The *F phase shifts required by the data are of the 
order of 15°, an amount sufficiently smaller than the 
’P phase shifts to make it conceivable that phase 
shifts for L>3 are not important in the analysis of 
p—p data at this energy. The repulsive character of 
potentials expected for triplets with odd L in p—p 
scattering on the symmetric theory may be expected to 
contribute to the smallness of these phase shifts. 

* Assisted by the Office of Ordnance Research, U. 5. Army. 

1A. Garren, Phys. Rev. 92, 213 (1953); de Carvalho, Heiberg, 
Marshall, and Marshall, Phys. Rev. 94, 1796 (1954). 

2 Chamberlain, Donaldson, Segré, Tripp, Wiegand, and Ypsi- 
lantis, Phys. Rev. 95, 850 (1954). 

3B. D. Fried, Phys. Rev. 95, 851 (1954). In the paper by Thaler, 
Bengston, and Breit, Phys. Rev. 94, 683 (1954) quoted by Fried, 


Eq. (9) contains a misprint, < appearing for >, in contradiction 
to the text immediately to the right of Eq. (9). 


Polarization of High-Energy Protons in 
Elastic Scattering on Helium and 
Carbon* 


O. CHAMBERLAIN, E. Secrk, R. Tripp, C. WreEGAND, 
AND T. YPSILANTIS 
Radiation Laboratory, Department of Physics, University of 
California, Berkeley, California 
(Received September 14, 1954) 


E have previously reported' results of experi- 

ments concerning polarization of proton beams 

by scattering from complex nuclei. Other authors’ have 

also dealt with this problem. Particular interest has 

been attached to polarization by elastic scattering and 

several publications*~® have treated the theory for this 
case. 

As previously, we have attempted to isolate elastic 
scattering by insertion of an absorber into the counter 
telescope used to detect the scattered protons. Owing to 
range straggling in the absorber and to inhomogeneity 
of the beam, it is impossible to exclude with certainty 
all protons resulting from inelastic scattering. For ex- 
ample, we mention the scattering by carbon in which 
the lowest excited state is at 4.4 Mev, while our count- 
ing arrangement could be guaranteed to reject scatter- 
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ing events only if at least 20 Mev were lost to the 
scattering nucleus. 

At small angles of scattering from any target the 
elastic scattering is easily determined simply because it 
is strongly predominant over inelastic scattering. How- 
ever, at angles larger than about 20° the so-called 
elastic scattering is contaminated with an appreciable 
fraction of protons from inelastic scattering. 

Helium is of special interest in this regard because 
there are no excited or unbound states at energies 
lower than 20 Mev. Therefore, our existing method of 
detection is adequate to exclude all protons inelastically 
scattered by helium at any angle. 

We have measured the elastic-scattering cross sec- 
tions of helium for 315-Mev 74 percent-polarized pro- 
tons, and of carbon for 290-Mev 64 percent-polarized 
protons. Our second targets were 1.7 g/cm? of liquid 
helium and 3.2 g/cm?* of graphite respectively. The 
polarized beams were obtained by scattering 340-Mev 
protons to the left at 15° and 18° respectively, from 
a beryllium first target inside the cyclotron as previ- 
ously described.! The beam polarizations were deter- 
mined in separate experiments by external scattering 
from beryllium at 15° and 18°. 

The results for both left and right scattering from 
helium are shown in Fig. 1(a), in which the differential- 
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Fic. 1(a). Differen- 
tial-scattering cross sec- 
tions versus left and 
right scattering angles 
for 74 percent-polarized 
315-Mev protons scat- 
tered elastically by he- 
lium. (b) Polarization 
P(®) of protons elas- 
| “hs tically scattered by he- 
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CARBON 
(9) 


Fic. 2(a). Differential- 
scattering cross sections 
versus left and right 
scattering angles for 64 
percent-polarized 290- 
Mev protons scattered 
elastically by carbon. 
(b) Polarization P(@) 
of protons elastically 
scattered hy carbon ver- 
sus scattering angie. At 
angles greater than 20° 
the so-called elastic scat- 
tering from carbon is 
contaminated by inclu- 
sion of some inelastically 
scattered protons. 





scattering cross sections have been corrected for nuclear 
attenuation in the absorber. Figure 1(b) shows the 
polarization P(@) in the elastic scattering by helium 
as computed from the points shown in Fig. 1(a) and 
the known beam polarization. The relation used is 


e(@)= PsP(9) (1) 


in which 
€(O) = [rere (O) —origne() 1/Lorere(O) + origne (9) J, 


Py is the polarization of the beam, and P(@) is the 
polarization that would be produced by scattering an 
unpolarized beam at angle © on the substance in ques- 
tion (in the present experiment, helium or carbon). 
Figure 2 shows the corresponding results for a carbon 
second target. 

An interesting feature of the helium results is that 
they show a definite change in sign of the polarization. 
Changes in sign near minima of the diffraction scatter- 
ing curve of carbon have been predicted by Fermi, by 
Malenka, and by Snow, Sternheimer, and Yang.’ 
However, it is not clear that the observed change in 
sign should be attributed to the mechanism implied by 
these theoretical considerations. On the other hand 
Tamor® assumed the validity of the impulse approxi- 
mation for light nuclei, and on that basis predicted 
that the polarization of carbon and helium should be 
the same. That they are the same seems fairly well 
borne out for angles small enough (up to 20°) that the 
carbon experiment can be deemed to represent purely 
elastic scattering. In the framework of Tamor’s theory 
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either helium or carbon polarization data should be 
viewed as exemplifications of that part of the nucleon- 
nucleon scattering that involves no change in spin 
state of the target nucleons. 

The authors have relied heavily on discussions with 
Dr. B. D. Fried, Dr. J. V. Lepore, Dr. W. Heckrotte, 
and Dr. S. Tamor. 
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*This work was performed under the auspices of the U. S. 
Atomic Energy Commission. 
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Energetic Disintegration of a Heavy 
Nuclear Fragment* 


W. F. Fry anp M. S. Swami 
Department of Physics, University of Wisconsin, 
Madison, Wisconsin 
(Received September 7, 1954) 


EVERAL events’ have been observed in photo- 
graphic emulsion where a nuclear fragment stopped 
and subsequently disintegrated. In some of these events 
a m meson was emitted, while in other events, only 
nuclear particles were observed. The energy release from 
the disintegration of the nuclear fragment has been 
measured quite accurately in a few cases®’ and found 
to be consistent with the assumption that a A° particle 
was loosely bound in the nuclear fragment. 

An energetic disintegration of a nuclear fragment 
was found in a 1000-micron glass-backed plate which 
had been exposed to cosmic rays in a sky-hook balloon 
flight. A photograph of the event is shown in Fig. 1. 
The primary star is of the type (22+9p). The track 
of the nuclear fragment F, is 192 microns long. The 
thindown along the track F and the multiple scattering 
near the end of the track show that the fragment 
stopped before producing the secondary star. From a 
comparison of the thindown characteristics along track 
F with other tracks of known Z, the charge of the frag- 
ment is found to be greater than 2e and definitely less 
than Se. The secondary star has four prongs. The char- 
acteristics of the tracks from the secondary star are 
given in Table I. 

If track 4 is assumed to be a w meson, the residual 
momentum of the charged particles from the secondary 
star is 342 Mev/c; if track 4 is assumed to be a proton, 
the residual momentum is 680 Mev/c. If the residual 
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momentum is carried away by two neutrons traveling 
together in the direction to conserve the residual mo- 
mentum, the energy of the two neutrons is found to be 
28 Mev if track 4 is assumed to be a x meson, and 116 











Fic. 1. A nuclear fragment F from a cosmic-ray star stops in 
the emulsion and produces a secondary star which has four prongs. 
Tracks 1 and 3 were produced by a proton or deuteron or triton; 
and track 2 by an @ particle. Track 4 is most likely due to a nega- 
tive * meson. (Observer: J. Slowey.) 


Mev if track 4 is assumed to be a proton. If track 4 is 
ascribed to a meson, the minimum energy release 
from the secondary star is 2.7+-14+ 20+ (45—18)+28 
92 Mev. If track 4 is due to a proton, the minimum 
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energy release is 2.7+ 14+ 20+ (300—125)+ 1162328 
Mev. If only one neutron was emitted from the star, 
the total energy of the secondary star would be greater 
than the above estimates. If it is assumed that more 
than two neutrons were ejected, the total estimated 
energy is not appreciably decreased. If track 4 is 
assumed to be a proton, the Z of the fragment would 
have to be 5 which is inconsistent with the observations, 
therefore it seems reasonable to assume that it was 
produced by a negative meson and that the energy 
release from the secondary star is about 2.7+ 14+ 20 
+45+28=110 Mev. Of course the energy could be 
considerably larger because two neutrons were assumed 
to be emitted in the same direction. 

In any case the energy release is much greater than 
the expected value from the decay of a A° particle bound 
in the nuclear fragment (37 Mev for the mesonic decay 
and 176 Mev for the nonmesonic decay). 


Taste I. Characteristics of tracks from the secondary star. 





Range 
Track microns 


1 62 
2 109 

3 > 2000* 
4 > 300" 


Identity 


Ionization 
black 
black 
black 
gray 


Energy in Mev 
2.7 if p 
14 
20<E<24 if p 
45+18 if x 
300+ 125 if p 


* The track left the emulsion after a range of 2000 microns. The total 
range is estimated to be less than 2500 microns. 

> The track dips steeply and leaves the emulsion after 300 microns. The 
energy was determined from a comparison of the blob density along track 
4 with minimum ionizing tracks of the same dip. The blob density is 
1.540.12 times minimum. The track is too straight for an electron with 
the observed ionization. 


The high-energy release may be explained by assum- 
ing that a hyperon other than a A° was bound in the 
nuclear fragment. The decay energy from a bound” 
Yt+ would be about 117 Mev." The observed 
energy release is somewhat higher than would be ex- 
pected from a bound cascade hyperon Y~(Qy-S67 
Mev)." It is also possible that a @ was bound in the 
fragment and decayed with the absorption of one of 
the x mesons. The expected decay energy is 360 Mev 
if only one # meson is emitted.'!® The possibility can 
not be excluded that a negative K meson was bound in 
a mesonic orbit around the fragment and absorbed after 
the fragment stopped. 

The one unusual disintegration was found among 
7000 cosmic-ray stars and 15000 stars produced by 
3-Bev protons. Among these stars 15 additional cases 
of the disintegration of a nuclear fragment have been 
observed which are consistent with the interpretation 
of a bound A° particle. 

The authors are very grateful to Major David Simons, 
USAF, for exposing the plates. Many discussions with 
Dr. M. Gell-Mann, Dr. M. Goldhaber, and Mr. W. 
Holladay were helpful and stimulating. A portion of 
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the plates was scanned by Mr. J. Slowey and Mr. 
R. Benson. 
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Neutron-Proton Mass Difference* 


W. G. Hottapayf Anp R. G. Sacus 
University of Wisconsin, Madison, Wisconsin 
(Received August 5, 1954; revised manuscript received 
September 15, 1954) 


T has recently been suggested' that the nucleon may 
be treated as a structured system having varying 
numbers of pions in bound states centered on a core 
particle of spin and isotopic spin 4. An interesting ques- 
tion concerning this model is whether or not it is 
capable of accounting for the sign and order of magni- 
tude of the neutron-proton mass difference on the basis 
of electromagnetic interactions alone.? The purpose of 
this note is to point out that the model does indeed 
account for the mass difference. Furthermore, its success 
in this respect depends directly on those peculiar 
features of the nucleon wave function that were found 
necessary’ to account for the nucleon magnetic mo- 
ments, The peculiarities are as follows: 


(1) The total probability that pions occur with a 
total orbital angular momentum /=1 is small, of the 
order of 10 percent. 

(2) The probability that a pair of pions occurs in the 
L=1 state is rather large, comparable to or possibly 
greater than the probability for the occurrence of a 
single pion (which must have L=1). 
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In order to isolate the effects that may contribute to 
the mass difference, we assume that the charged and 
uncharged core particles have the same mass.’ It will 
also be assumed that the motion of the core may be 
neglected. On the basis of the charge independence 
hypothesis, neither the mass difference between the 
charged and neutral pions nor the electromagnetic 
interactions between the pions enters into the neutron- 
proton mass difference. The difference in the electro- 
magnetic energies of the two systems then consists of 
two parts, the electrostatic interaction between the 
pions and charged core, and the interaction of the 
magnetic moment of the charged core with the magnetic 
field produced by the pion currents. It is assumed that 
the neutral core has no magnetic moment. 

As is well known, the electrostatic terms have the 
wrong sign; the neutron may divide into a positive core 
associated with a m~ or associated with a (r~, r°) pair 
while the corresponding state of the proton has a neutral 
core, hence no electrostatic energy of this kind. This 
effect alone would lead to a neutron mass smaller than 
the proton mass, but the effect is a small one because 
the probability for the occurrence of the pions is small 
according to condition (1) above. Even if the radius of 
the pion orbit is assumed to be as small as twice the 
nucleon Compton wavelength, the electrostatic energy 
amounts to about —250 kev as compared to the 1.3- 
Mev mass difference. 

On the other hand, the magnetic coupling with the 
core moment leads to a large positive contribution. The 
reason for its being large is that the pion current 
operator involves a pion pair creation and a pair 
annihilation term.’ Hence, according to condition (2), 
there is an important contribution to the average cur- 
rent due to a cross term between the two pion state 
and the zero pion state. This contribution is propor- 
tional to the amplitude of the two pion state whereas 
the other terms are proportional to the square of the 
amplitude which is relatively small. The same cross 
term in the current is responsible for the greater part 
of the magnetic moment anomaly.' The cross term 
always involves a (x*, r~) pair, so for the neutron (the 
core is neutral) there is no magnetic energy of this 
kind. On the other hand, in the proton the current loop 
formed by the pair must have such a direction as to 
add to the magnetic moment of the core. Then the 
magnetic field at the core due to the loop is parallel to 
the core moment, and the magnetic energy is negative. 
Hence the proton mass is reduced. 

It is interesting to note that the calculation of this 
effect is quite analogous to the calculation of atomic 
hyperfine structure and that the sign of the effect is 
fixed just as in the hyperfine splitting. 

The magnetic energy of the proton due to this cross 
term between the zero and two pion state is given by 


AE,= — 6p App, (1) 
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where y, is the magnetic moment of the charged core, 
Au, is the contribution to the proton moment due to 
the cross term between the zero and two pion states 
and p is a distance depending on the extent of the pion 
wave function. If the wave function of the two pions 
has the form f(1,%2)t1Xt2, the quantity p is defined in 
terms of the function G(r) given by 


1 
rGi)=—f anf ark r)K(r— ro) 


Xf(tijte) (tit), (2) 


where 


K (r)= (27) sme f ae (+m. “texp(ik-r), (3) 


and m, is the reciprocal Compton wavelength of the 
pion. Then p is defined by 


pt= f “PG (n\rdr / J “Gnyrdr. 


An experimental estimate of p may be obtained 
directly from Eq. (1). If AE, is set equal to the total 
n—p mass difference, Au, to the magnetic moment 
anomaly and yu, is taken to be one nuclear magneton, 
we find 


p=2.4h/Mc, (4) 


where M is the nucleon mass. The electrostatic effect 
and the other contributions to the moment anomaly 
will lead to a slight reduction in the value of p. 

It is interesting that the result, Eq. (4), is in reason- 
able agreement with the estimate of the cutoff mo- 
mentum for the bound pion function obtained from the 
pion-nucleon scattering. It was found there that the 
cutoff in the bound p function occurs at a momentum 
of 0.6Mc corresponding to a cutoff radius 1.6h/Mc. 
In view of the spreading effect of the kernels in Eq. 
(2) and the reduction in the coefficient in Eq. (4) to be 
expected when all the small effects are included, the 
agreement appears to be satisfactory. 


* This work was supported in part by the U. S. Atomic Energ 
Commission and in part by the University of Wisconsin havent 
Committee with funds provided by the Wisconsin Alumni Re- 
search Foundation. 

t National Science Foundation Predoctoral Fellow. 
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2 R. P. Feynman and G. Speisman, Phys. Rev. 94, 500 (1954), 
have given an account of the mass difierence by computing a 
difference in electromagnetic self energies between nucleons which 
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electromagnetic interactions between particles in a structured 
nucleon. That is the reason for ignoring, below, the difference in 
mass between the charged and neutral cores. A difference in core 
mass can be compensated by a small change in the dimensions (p) 
of the pion cloud. 

* The occurrence of these operators in the expression for the 
current is also responsible for pion pair creation or annihilation 
with the absorption or emission of gamma radiation. The con- 
tribution to the proton mass may be described in terms of the 
emission of virtual radiation by pair annihilation followed by 
absorption of the radiation by the charged core. . 

*R. G. Sachs, Phys. Rev. 95, 1065 (1954). 
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Reaction p+ p—2++d with Polarized 
Protons*t 


T. H. Fretps, J. G. Fox, J. A. Kane, R. A. STaLLwoon, 
AND R. B. Sutton 


Carnegie Institute of Technology, Pittsburgh, Pennsylvania 
(Received September 9, 1954) 


HE 45 percent polarized proton beam! of the Car- 
negie synchrocyclotron has been used to measure 
the azimuthal asymmetries of the above reaction at 
m+ c.m. angles of 90° and 50°. The polarized external 
beam of 415+5 Mev protons impinged upon liquid 
hydrogen, and the resulting pions were detected in fast 
coincidence with their associated deuterons. We define 
the asymmetry €(@) to be [7 (0) —I(—6) ]/[1(0)+1(—8) ] 
with J(@) the intensity at a c.m. angle of 6. @ is in the 
same plane as the first scattering which produces the 
polarized beam and positive @ is in the same sense as 
the first scattering. We find «(90°) = —0.20+0.03 and 
(50°) = —0,02340.015, where these refer to the asym- 
metries in the sense defined by the meson. These values 
are the average of four separate runs at 90° and three 
at 50°, with each run taken on a different day and of 
about 15 hours duration. 

To exclude the reaction p+p—2++p+n, which 
would otherwise constitute about 10 percent of the 
counting rate in the geometry we used, sufficient ab- 
sorber was placed in front of the deuteron counter to 
absorb the slow protons resulting from this reaction. 
The beam direction was determined from a beam profile 
obtained by using the meson counter as the defining 
counter. The beam polarization and energy were checked 
before each run as described in reference 1. By using 
the normal unpolarized proton beam, degraded to 415 
Mev, an asymmetry measurement at 90° c.m. yielded 
«= —0.01+0.04. 

As shown by Marshak and Messiah,’ an azimuthal 
asymmetry in the reaction p+p-—>a*+d can arise 
through the interference of meson S and P states (but 
from neither alone), and the resulting asymmetry will 
be given by ¢(@)= PQA sin®/(A+cos*#), with P the 
beam polarization, Q a parameter of their theory, and 
A-+-cos’é the unpolarized angular distribution. A recent 
experiment’ by Crawford and Stevenson yields 0=0.39 
+0.05 at (K.E..)om.=11.3 Mev. The present experi- 
ment gives 0=0.45+0.08 for (K.E..)o.m.=55 Mev. 

According to the above equation, (50°) should be 
given by* ¢(90°)/(4.0+0.4), which is —0.050+0.009. 
The difference between this and our experimental value 
is 0.027+0.018. In this connection, it should be stated 
that the quoted errors are statistical only; systematic 
errors are probably smaller than these. It was pointed 
out to us by Professor L. Wolfenstein that a P—D 
interference term will make a maximal contribution to 
eat 50°. The fact that this difference is scarcely nonzero 
outside of statistics and does not include the unknown 
systematic error means that it cannot be interpreted 
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as more than a possible indication of such a D-state 
effect. 

* This research supported in part by the U. S. Atomic Energy 
Commission. 

t To be submitted by T. H. Fields in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy at Carnegie 
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Search for 15-Mev Gamma Radiation 
from N'*+d and Be’+ af 


V. K. Rasmussen, Joun R. Rees, M. B. Sampson, 
AND N. S. WALL 


Department of Physics, Indiana University, Bloomington, Indiana 
(Received August 5, 1954) 


OHEN, Moyer, Shaw, and Waddell! have recently 
reported 15,2-Mev y radiation from the bombard- 
ment of carbon with protons and of B" with deuterons, 
but not from the bombardment of beryllium with alphas. 
They suggest that the state in C' involved is the iso- 
topic spin 7=1 analog of the ground states of B' and 
N®. The isotopic spin selection rules would then forbid 
the production of this state in the N'(d,a) reaction. 
We have attempted to verify this. 

A 1-inch Harshaw canned NalI(T]) crystal viewed by 
a DuMont 6291 photomultiplier was available for the 
detection of y rays. The crystal was surrounded by 2} 
inches or more of lead except for a 0.52-inch diameter 
aperture filled with Lucite which was directed towards 
the target. A ?-inch long Bakelite plug was placed be- 
tween the front face of the crystal and the lead. 

This arrangement was not, of course, the best pos- 
sible for detecting 15-Mev y radiation. Its most im- 
portant defect was that lower-energy pulses from other 
rays required the use of very low (~0.005ya) deuteron 
beams to avoid excessive total counting rates. Figure 1 
shows the pulse spectrum obtained when a thick B,C 
target is bombarded with 10.8-Mev deuterons. Al- 
though no detailed analysis of the shape of the spectrum 
was made, its form is not unexpected because of the 
small crystal size. By taking the break point in the 
curve as equal to (E,—1.02) Mev and using the pair 
peak of the 4.43-Mev y ray from C” for calibration we 
get 15.1+0.4 Mev for the highest-energy vy ray. If, as 
a very rough estimate, it is assumed that 15 percent of 
the 15-Mev quanta that enter the 0.52-inch aperture 
produce pulses >11.6 Mev, then our yield for this y 
ray is ~3X10~ per deuteron. 

With a thick Melmac 404 (NeC;He)? target, we ob- 
tained a small number of counts corresponding to y 
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Fic. 1. Scintillation spectrum of the y radiation from the hom- 
bardment of thick B,C by 10.8-Mev deuterons. For Curve II 
more deuterons were incident on the target per point, and the 
discriminator was set to accept a wider range of pulse heights. 
A relative pulse height of 610 on Curve IT was assumed to corre- 
spond to (Z,—1.02) Mev. There is no significance in the apparent 
pulse-height shift in the two curves. The data were taken at dif- 
ferent times and in each case a spectrum of the 4.43-Mev y ray 
from C#* was also taken for an energy calibration (see text). 


radiation >12.5 Mev. Land Camera pictures of an 
oscilloscope screen indicated that this was probably 
the same y ray as observed with the boron target. 
Comparison of integral counting rates from the Melmac 
and B,C targets, after subtraction of background, gave 
an intensity ratio of ~0.03. 

We have also looked for this radiation from a thick 
beryllium target bombarded by 21.7-Mev a particles. 
Gamma radiation of the same energy (+0.5 Mev) and 
~6 percent of the intensity of that from B,C was ob- 
served. Examination of the original data of McMinn 
et al.’ indicates that this yield is consistent, within an 
order of magnitude, with that for Be*(a,p)B”. 

Our results do not seem to have any immediate 
bearing on the isotopic spin assignment for this state 
in C*, The possible small yield from N"(d,a)C™ can 
be explained by the approximate nature of the isotopic 
spin selection rules. On the other hand, it does not seem 
proper to say that its smallness proves that a T7=1 
state is involved, since there is no reason to expect the 
uninhibited (d,a) and (d,n) cross sections to be equal. 
However, we see no reason to doubt the 7=1 assign- 
ment of Cohen ef al.! Assuming this, we can infer that 
the a width of this level is small. This follows from the 
requirement of the charge-independence hypothesis 
that the Be*(a,p) and Be*(a,n) cross sections differ only 
by a factor of two‘ and from the approximate equality 
of the proton and y-ray yields from Be*’+a. After 
allowance for error in the yields involved, we conclude 
that I’, is certainly less than 100 I, and is probably 
less than 10 I',. Since 7.8 Mev is available for a emis- 
sion, a strong selection rule is indicated. For this pur- 
pose, we note that as the analog of B® and N”, this 
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C® state might be assumed to have spin J=1*, thus 
forbidding decay to the 0* ground state of Be*® and 
requiring d-wave a emission to the 2+ first excited state. 
Isotopic spin rules would further inhibit decay to the 
first excited state. 

Another possible origin of the y ray, in the cascade 
C” — Be*-+ Het; Be** — Be*®+/Av, may be ruled out, 
since it should have been easily observed in previous 
work on the Li’(d,n) Be® reaction® and since a 15-Mev 
state in Be’ is not energetically accessible in the bom- 
bardment of Be® with 21.7-Mev alpha particles. 


t This work was supported by the joint program of the 
Office of Naval Reiner and the U. S. Atomic Energy Com- 
mission. 
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Calculations on Charge Independence 
with Repulsive Core Potentials 


M. A. Preston, Hamilton College, McMaster University, 
Hamilton, Ontario, Canada 
AND 
J. Suaprro,* Physics Department, University of Toronto, 
Toronto, Ontario, Canada 
(Received September 3, 1954) 


ECAUSE of the current interest in two-body static 
potentials with repulsive cores,' calculations have 
been carried out to see whether such a potential can 
explain both the np and pp low energy scattering in the 
'S state, i.e., the experimental values of the scattering 
lengths a,(m—p) and a,(p—p) and the effective ranges 
ro.(n—p) and ro(p—p). According to the effective 
range theory,’ these four constants may be obtained 
from the solutions of the wave equation at zero energy 
for (a) the n—p system and (b) the p— p system. These 
two problems were coded for FERUT, the digital com- 
puter at the University of Toronto, for potentials of 
the form’ 
for 


=—Vof(r/r,) for 


The equations were solved by numerical integrations, 
starting with the asymptotic solutions and integrating 
inwards until the solutions became zero, thereby deter- 
mining the core radius r,. The integrals giving the 
effective ranges were evaluated using these solutions. 
In order to improve the accuracy of the solutions, the 
substitution y=In(r/r,) was made in the differential 
equations.‘ Because of this substitution, there was a 


V=0 1<Te, 


1>T.. 
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Tape I. Charge-independent potentials and corresponding 
effective ranges. The potential is V= ~, for r<r., V= — Voe"!/"+/ 
(r/r,)", for r>re. 


ros(P —p) 
(10°" cm) 
2.00 
2.65 
2.70 


Vo ro(n—p) 
(Mev) (10-4 cm) 
3.50 2.33 
3.07 2.35 
2.70 2.37 


Ys ve 
(10° cm) (10-% em) 


mae 
0.007 
0.000 
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minimum core radius which the program could handle. 
The method of integrating inwards has the advantage 
that only solutions corresponding to the experimental 
values of the scattering lengths are obtained, since the 
asymptotic solutions depend only on the scattering 
lengths. For a given pair Vo, 7,, the criteria for charge 
independence used were: (a) the same cutoff r, should 
be obtained for both n— p and p— p and (b) the effective 
ranges should satisfy 1.9<1r0,(n—p)<2.9, 2.54<10, 
X (p— p) <2.74 (units 10-% cm), Runs were done for 
scattering lengths corresponding to the best experi- 
mental value and to the experimental limits in order 
to determine how closely the two values of r, had to 
agree. 

The values used for the scattering lengths were 
a,(n— p) = — 23.6940.06X 10-" cm,$ a,(p— p) = — 7.68 
+0.04X 10~ cm.® Calculations were made for the fol- 
lowing attractive wells outside the core: (1) exponen- 
tial,’ (2) Yukawa, (3) Gaussian, (4) f(x)=e7*/2’. 
About 200 pairs of values Vo,r, were used for each 
shape. Only e~*/x* gave charge independence, and this 
for very small core radii. Three choices of parameters 
giving charge independence are given in Table I, to- 
gether with the corresponding effective ranges." Be- 
cause of the small core radii involved, extrapolations 
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were necessary, giving possible errors of 2 or 3 in the 
last digits of the numbers quoted. 

We see that charge independence can be obtained 
with a static potential. Two features of this potential 
are of significance: (1) it has a strong singularity near 
the origin (~1/r*) and (2) this infinity is cut off by a 
core of extremely small radius (zero core radius is con- 
sistent with charge independence). The potentials de- 
rived from pseudoscalar meson theory are even more 
singular; the Lévy potential,' for example, behaves as 
1/r’ near the origin. Thus, this work seems to indicate 
that the meson potentials may yield charge inde- 
pendence, and it is planned to try some of these in the 
near future. We would also be glad to make the code 
available to check other potentials (with cores) which 
other workers may obtain. 


* Holder of National Research Council of Canada Studentship, 
1951-52; National Research Council of Canada Fellowship, 1952- 
53. This work is to be submitted in partial fulfilment of the re- 
quirements for the degree of Doctor of Philosophy at the Uni- 
versity of Toronto. 

'R. Jastrow, Phys. Rev. 81, 165 (1951); M. M. Lévy, Phys. 
Rev. 88, 725 (1952); A. Klein, Phys. Rev. 90, 1101 (1953); Phys. 
Rev. 94, 195 (1954); J. M. Blatt and M. H. Kalos, Phys. Rev. 
92, 1563 (1953). 

*H. A. Bethe, Phys. Rev. 76, 38 (1949); J. D. Jackson and 
J. M. Blatt, Revs. Modern Phys. 22, 77 (1950). 

* The code is actually more general and can handle potentials 
of the form Af(r/a)+Bg(r/b)+Ch(r/c) with very slight modi- 
fications. 

4H. A. Bethe, Phys. Rev. 82, 60 (1951). 

5G. Snow, Phys. Rev. 87, 21 (1952). 

6M. C. Yovits et al., Phys. Rev. 85, 540 (1952). The value of 
a,(p—p) was taken from their shape-independent fit; the error 
was assigned so as to include their results for other shapes. 

? The n— p equation can be solved explicitly for the exponential 
potential. This was used as a check on the program. The cutoffs 
agreed to 6 figures, the effective ranges to 5 figures. 

8 The results of E. M. Hafner et al., Phys. Rev. 89, 204 (1953), 
and an estimate of the shape parameters, P, suggest ro,(n— p) 
= 2.21+-0.25 for these potentials. 
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MINUTES OF THE 1954 SpRING MEETING OF THE OHIO SECTION AT OnIO UNIVERSITY, ATHENS, 
Outro, APRIL 16 AND 17, 1954 


HE regular spring meeting of the Ohio Section 

of the American Physical Society was held 
at Ohio University, Athens, Ohio, on Friday and 
Saturday, April 16 and 17, 1954. For Friday morn- 
ing, no formal program was prepared save the 
showing of recently released educational films and 
time provided for viewing the exhibits of the High 
School projects prepared for the Junior Section of 
the Ohio Academy of Science. Approximately one- 
third of all the exhibits were related to the field 
of physics. Eight invited papers were presented 
having as the main theme the development of 


physics in the past century in the Northwest 
Territory. The subject was suggested by the Sesqui- 
centennial of Ohio in 1953 and the present celebra- 
tion of Ohio University which was the first college 
organized within the Territory; “Ohio University 
Celebrates its Sesquicentennial, 1804-1954,” by 
John E. Edwards, Ohio University; ‘‘Remarks on 
the History of Astronomy in Cleveland,” J. J. 
Nassau, Case Institute of Technology; “A New 
Analysis of the Interferometer Observations of 
Dayton C. Miller,” by R. S. Shankland, S. W. 
McCuskey, and F. C. Leone, Case Institute of 
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Technology, (abstract included); ‘‘Physics in 
Industry,”’ H. R. Nelson, Battelle Memorial In- 
stitute ; “Ohio Machine Tools and Physical Science,” 
M. E. Merchant, Cincinnati Milling Machine Tool 
Company; “The Past Half Century of Physics at 
University of Cincinnati,’’ C. Harrison Dwight, 
University of Cincinnati; “Ohio’s Contribution to 
Meteorology ; Climatic Trends Since 1880,” A. N. 
Dingle, The Ohio State University (abstract). The 
eighth invited paper was presented on Saturday 
morning, ‘‘Physics in American Universities: Its 
Growth and Influence,” by Alpheus W. Smith, 
The Ohio State University. 

This being the annual business meeting of the 
Ohio Section the following officers were chosen 
for the year 1954-1955 : Chairman, William H. Gran, 
Miami University, Oxford, Ohio; Vice-Chairman, 
Richard N. Thayer, Lamp Development Labora- 
tory, General Electric Company, Cleveland, Ohio; 
and Secretary-Treasurer, Leon E. Smith, Denison 
University, Granville, Ohio. 

The nineteen contributed papers were presented 
in two sections so that the meeting could be com- 
pleted by noon. There were three for which no 
abstracts appear: “Apparatus for Three Experi- 
ments Redesigned for General Physics,’’ W. M. 
Pierce, Ohio University; ‘‘Undergraduate Re- 


search,” J. W. McGrath, Kent State University ; 
and ‘An Operational Definition of Inertial Mass 


Without the Use of Newton’s Second Law of 
Motion,”’ Thomas D. Phillips, Marietta College. 
The abstracts of the seventeen contributed papers 
and two invited papers follow. 


LEON E. Smitu, Secretary, 
The Ohio Section 
American Physical Society 
Granville, Ohio 


Ohio’s Contribution to Meteorology : Climatic Trends since 
1880. A. N. DINGLE, The Ohio State University The tem- 
perature and precipitation records of selected stations in the 
United States are summarized graphically and presented. 
Study of the trend curves suggests a time-space continuity 
of prominent features of these curves from station to station. 
The synoptic study of the distribution of interdecadal changes 
of ten-year average precipitation values reveals some inter- 
esting indications of significant long term shifts of cyclonic 
activity and moist air currents. In the absence of casual rela- 
tionships the secular changes of climate must be examined 
and explained statistically. 


A New Analysis of the Interferometer Observations of 
Dayton C. Miller. R. S. SHANKLAND, S. W. McCusKEy, AND 
F. C. Leone, Case Institute of Technology.—For nearly thirty 
years the results of the Michelson- Morley experiment obtained 
by Dayton C. Miller on Mount Wilson have stood at variance 
with all other trials of this experiment. As interest in Miller's 
results has continued to the present time, and since the 
original data sheets are available to the present writers, it has 
seemed appropriate that the observations be subjected to a 
new analysis by statistical methods. It is now concluded that 
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the small periodic fringe displacements found by Miller are 
due in part to statistical fluctuations in the readings of the 
fringe positions in a very difficult experiment. The remaining 
systematic effects are so distributed in azimuth that it is con- 
cluded they are due to local physical causes, especially tem- 
perature effects. These were more troublesome at Mount 
Wilson than those encountered by other experimenters, in- 
cluding Miller himself in his work done at Case in Cleveland. 
As interpreted in the present study, Miller's extensive Mount 
Wilson researches are entirely consistent, within the accuracy 
of his readings, with a null result at all epochs throughout a 
year. 


Color Shifts Produced by Use of Polaroid Photographic 
Filters. ALEx Kisua, Bowling Green State University.—When 
a polaroid filter was used with a color film in taking a certain 
photograph, it was found that a shift in color had eccurred 
in the blue-green region. The problem that presents itself 
here is that if the light coming from the subject is polarized 
and then enters the camera through a filter, the filter acts as 
an analyzer, the resulting intensity being dependent upon 
the angle between the axis of the polarizer and analyzer. The 
work is confined to analyzing various polaroid filters as to 
the effect of the angle of polarization on the transmission of 
monochromatic filters. The Beckman DU Spectrophotometer 
is used. The polarization angle indicated an influence upon 
the transmission for wavelengths of 400 to 825 mu. For wave- 
lengths up to 650 mu at 90° angle, all light was absorbed. In 
the blue-green region, as the polarizing angle increased, the 
green was being eliminated more rapidly. For wavelengths 
below 350 mu there was no transmission. For wavelengths 
greater than 700 mu, there was a tendency for the percent 
transmission to converge at one point in the high red region, 
regardless of the angle. 


Theory of Reflection and Transmission Measurements on 
Thin Metallic Films. THurston E. MANNING, Oberlin College. 
—The work of Matossi' on the intensities of reflected and 
transmitted beams of light incident on backed thin metallic 
films will be applied in a form suitable for the usual experi- 
mental work. In addition, a discussion of the polarization pre- 
dicted in the reflected and transmitted beams on the basis of 
classical electromagnetic theory will be given. 


1 Matossi, J. Opt. Soc. Am. 39, 928 (1949). 


Optical Reflection and Transmission of Thin Aluminum 
Films. WILLIAM A GaArEE, Oberlin College.—The results of 
measurements on the reflected and transmitted intensities of 
nearly monochromatic light (5140A) on glass backed films of 
aluminum will be reported. The measurements give the in- 
fluence of the thickness of the metal film on the reflection and 
transmission. The results of limited experiments on the 
polarization of the reflected and transmitted beams will be 
given. 


Laboratory Problems in Introductory Electricity and Optics. 
ALBERT B. STEWART, Antioch College.—In a twenty-week 
course in electricity and optics for science majors the students 
have been encouraged to work toward the solution of experi- 
mental problems, the answers to which cannot easily be 
found in texts or periodicals. Most students spend about half 
of their time on these original problems and half on the usual 
type of organized experiments. In grading their work, the 
quality of their approach, the completeness of their laboratory 
records and the care with which they evaluate the experimental 
uncertainties are emphasized over their success in solving the 
problems. Some of the advantages of this laboratory procedure 
seem to be: the problems capture the students’ enthusiasm 
and call forth their best efforts; they provide an effective 
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way to learn how to treat experimental uncertainties; they 
help make the laboratory a stimulating place for both students 
and instructor. Two disadvantages, some students become 
overly discouraged by failure to solve a problem, and it is 
difficult to have equipment ready in advance without un- 
duly influencing the students’ approach. A few of the lab- 
oratory problems will be described. 


A Simple Recording Microphotometer. Ropert Liere.p, 
Kent State University.—The design and construction of a 
simple but adequate microphotometer using apparatus com- 
monly available will be discussed. The microphotometer is 
presently being used for measurement of x-ray M edge spectra. 


Design and Behavior of Two Acoustic Lenses. James V. 
Sanvers, Kent State University.—The design of a path delay 
lens and an obstacle array lens will be discussed. Experimental 
results on their behavior will be indicated. These lenses will 
be demonstrated after the session if time and facilities permit. 


Electric Field in an Oscillating Discharge.* R. E. WARNER, 
G. E. Owen, anv A. B. Stewart, Antioch College.—The time 
average electric field strength in an argon dc glow discharge 
with spontaneous oscillations has been studied by measuring 
the potential difference between two plane probes 1.1 cm 
apart placed in the positive column at fixed distances from 
the cathodes. With a discharge current of 17 ma, a pressure 
of 12.4 mm of Hg, an external series resistance of 30 000 ohms, 
and cylindrical iron electrodes (anode moveable) the oscilla- 
tions were stable with a frequency of 2700-2940 cps over the 
range of electrode separations studied (10 to 30 cm). The 
electric field between the probes varied between 2.3 and 7.5 
volts/cm as the electrode separation was changed, repeating 
approximately its variation with each 4 cm increase in length 
of the discharge. An abrupt change of 2-4 volts/cm coincided 
with the creation of an additional wavelength of the positive 
striations in the positive column. From the probe data a curve 
of the time average potential difference as a function of 
distance from the anode has been constructed for the positive 
column. The voltage across the tube increases linearly with 
increasing separation. 

* Supported by the Frederick Gardner Cottrell Fund of the Research 
Corporation. 


Cloud-Chamber Program at Kent State University.* A. A. 
Sitvipt AND J. GLENN MAXWELL, Kent State University.— 
Since the advent of continuous cloud chambers, several quali- 
tative uses of the instrument have been reported’. The 
Kent State program is investigating the quantitative features 
of this instrument by obtaining a beta spectrum and com- 
paring it with the spectrum obtained by other instruments. 
Construction details of the chamber will be presented; field 
characteristics of the magnetic coils will be discussed; and 
preliminary photographs of beta tracks taken with and 
without magnetic field will be shown. 

National Science Foundation. 
1A. Lan Rev. Sci. Instr. 10, 91 (1939). 


2 E. W. Cowan, Rev. Sci. Instr. 21, 991 (1950). 
*T. S. Needels and C. E. Nielsen, Rev. Sci. Instr. 21, 976 (1950). 


* Research supperted b 


Neutron Slowing Down Time.* C. E. FoREMAN AND M. F. 
Croucn, Case Institute of Technology.—A study is in progress 
of the slowing down time of fast neutrons produced in the 
reaction Het+Be*—+C*+n and detected by a BF; counter 
in a paraffin moderator. The photon emitted by the excited 
C" nucleus signals the time of production of the neutron. 
Measurements are made of the time delay between production 
of the neutrons and their capture in the BF; proportional 
counter. 7200 events were recorded with delays less than 
25 microseconds, and an integral distribution of delay times 
was plotted. This curve, after correcting for accidental coin- 


AMERICAN PHYSICAL SOCIETY 


cidences and for the effect of competing capture processes, was 
found to reach a constant slope at 9.6 microseconds, which was 
taken to indicate that virtually all neutrons were thermalized 
by this time. Assuming a roughly symmetrical distribution of 
slowing down times, this gives a mean slowing down time of 
about 5 microseconds. The curve was observed to rise almost 
immediately with a slop not much less than the final constant 
value, indicating that the greater distance traveled per micro- 
second by the faster neutrons offsets, to a large extent, the 
1/v law detector response. 


* Work supported by the U. S. Atomic Energy Commission. 


Theory of the Photodisintegration of Li‘, I.* E. F. Carome, 
Case Institute of Technology.—As part of a general program of 
investigating gamma-ray processes in light nuclei, calculations 
of cross sections for the photodisintegration of Li® from 
threshold to about 30 Mev have been made on the basis of 
two assumed nuclear models. The present investigation is 
based on a deuteron-alpha particle model for the ground state 
of Li®. The neutron and proton are described by plane waves 
in the final state and the alpha particle is assumed unchanged 
throughout the process. Utilizing approximate wave functions 
for the initial and final states of the system it has been possible 
to obtain expressions for the electric and magnetic dipole 
contributions to the Li®(y,np)He* reaction. Because three 
particles emerge in the final state the expressions for the 
differential cross section are rather complex and numerical 
integrations were necessary to obtain the total cross section. 
The result of these calculations will be presented. The reaction 
Li*(y,d)He* has also been investigated. It is easily demon- 
strated that this reaction does not occur in the dipole approxi- 
mation. Calculations of the electric quadrupole contribution 
to the cross section indicate that it is quite small consistent 
with recent experimental results.* 

* Work supported by U. S. Atomic Energy Commission. 

1 E. W. Titterton and T. A. Brinkley, Proc. Phys. Soc. London A65, 1052 


(1952). 
2P, Jensen and K. Gis, Z. Naturforsch. 8a, 137 (1953). 


Auxiliary Condition in Generalized Quantum Electro- 
dynamics.* GeorGE R. PITMAN, JR., University of Cincinnati. 
~—In Podolsky’s generalized electrodynamics! one obtains 
the wave equation of the form (1—a*(])(JA y(x) =0 from the 
generalized Maxwell-Lorentz equations if one assumes either 
of the following auxiliary conditions: 

(1—a*()A « p(x) =0; Ay u(x) =0. 

Defining the ordinary and extraordinary potentials, respec- 
tivly, as A,(x)=(1—a°()A,(x) and A,(x)=a*(A,(x) so 
that A,(x) =A, (x) +A,(x), the first of these conditions de- 
mands the vanishing of only the four divergence of the 
ordinary field potentials whereas the second demands the 
vanishing to the divergence of both the ordinary and ex- 
traordinary potentials. The energy eigenvalues of the extra- 
ordinary field are: 


A = —cttko(ti+02+Ns—No). 


Imposing the second condition demands that %o <%1+2+N, 
which means that the energy of this field will be negative 
definite whereas the use of the first condition imposes no re- 
striction on the relative magnitude of the occupation numbers 
and the energy may be positive. The author is indebted to 
Professor Boris Podolsky for his help and guidance during the 
course of this investigation. 

* Because of printing limitations, a bar has been substituted for the 
author's tilde over A, H, nm, and k in this abstract. 


1B. Podolsky, Phys. Rev. 62, 68 (1942); B. Podolsky and P. Schewd, 
Rev. Modern Phys. 20, 40 (1948), 


Theory of the Photodisintegration of Li, II.* G. F. Bin, 
Case Institute of Technology.—The present investigation as- 
sumes a Li® ground-state model consisting of an alpha particle 
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with orbital neutron and proton. Using this model calculations 
of the cross sections for the reactions Li®(y,n)Li® and Li*(y,p) 
xX He’ have been made. It is assumed that the residual Li’ or 
He® nucleus may be treated as stable for purposes of this 
calculation. The contributions of the electric and magnetic 
dipole matrix elements to the cross sections have been calcu- 
lated using suitable approximate wave functions for initial 
and final states. The alpha particle is assumed unchanged 
in the energy range of interest, that is from threshold to 
about 30 Mev. It is hoped that comparison of experimental 
results with the predictions based on the deuteron-alpha model 
and the present model will yield some information about the 
actual Li® ground state. 


* Work supported by U. S. Atomic Energy Commission. 


Half-Life Determinations of Radium-223 and Thorium-227. 
G. R. Hacer, M. L. Curtis, anp G. R. Grove, Mound 
Laboratory,* Monsanto Chemical Company.—Half-life values 
for radium-223 and thorium-227 have been determined by 
analyzing data obtained from samples of each element by 
alpha counting in a proportional counter over a period of 
116 days. The samples contained small amounts of other 
members of the actinium chain. The growth and decay 
equation of the principal activity and its daughters plus con- 
taminants was derived in terms of the decay constants of 
radium-223 and thorium-227 and the amounts of each activity 
present. The decay constants and the disintegration rates of 
the activities were each set equal to an approximate value 
plus a correction term. Taylor's expansion was applied to the 
general equation to yield an expression which was linear in 
the correction terms. A least-squares treatment was used to 
derive the correction terms most representative of the data. 
The half-life values obtained from these analyses were 
18.169+0.084 days for thorium-227 and 11.685+0.056 days 
for radium-223. 


* Operated under U. S, Atomic Energy Commission contract. 


Half-Lives of Al** and Al**.* D. W. Green, J. C. Harris, 
AND J. N. Cooper, Ohio State University.—The half-lives of 
Al*5 and Al** have been determined by a method previously 
reported.! The Al*® was produced by exciting the Mg*(p,7) AI 
reaction with 825-kev protons from a Van de Graaff generator 
in targets of isotopic Mg*, which was obtained from Carbide 
and Carbon Chemicals Corporation, Oak Ridge, Tennessee. 
The value measured for Al?® was 7.20 seconds, which is in 
good agreement with the 7.3 seconds reported by Bradner 
and Gow.? The half-life of Al?® was measured both at the 563- 
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and the 720-kev resonances in the Mg**(p,y)Al® reaction, 
The values obtained were 6.47 and 6.40 seconds, respectively, 
which agree well with the 6.3 seconds of Bradner and Gow* 
and with the 6.5 seconds found by Katz and Cameron.? 

* Supported in part by the U. S. Atomic Energy Commission through 
a contract with The Ohio State University Research Foundation. 

1 Green, Harris, and Cooper, Phys. Rev. 90, 1132 (1953). 


2H. Bradner and J. D. Gow, Phys. Rev. 74, 1559 (1948). 
43L. Katz and A. G. W. Cameron, Phys. Rev. 84, 1115 (1951), 


X-Ray Absorption in a Curved Crystal at the Bragg Angle. 
Rospert G. SAVER AND JOHN E. Epwarps, Ohio University,— 
Primary extinction generally decreases the transmitted x-ray 
beam intensity when Laue type diffraction occurs in a single 
crystal. However, Borrmann! and others? have observed an 
increase in the transmitted intensity in “thick” crystals at 
the Bragg angle. An attempt has been made to observe this 
absorption anomaly in a curved crystal. A double Gauchois 
type spectrograph was used, the first crystal serving as a 
monochromator with the speciman crystal placed back of the 
focal circle. Thus, only x-rays from a very small point on the 
target were diffracted from the specimen crystal giving sharp 
lines slightly greater than the natural width. Characteristic 
lines and the transmitted beams were photographed with a 
0.2-mm quartz crystal for wavelengths ranging from 0.469 A 
to 2.289 A. A 0.81-mm quartz crystal and a 0.56-mm mica 
crystal were used with 1.54 A lines. A pronounced decrease 
in intensity of the transmitted beam was observed in every 
case. The “deficiency” lines were nearly the same width as 
the diffracted lines. 

1G. Borrmann, Physik. Z. 42, 157 (1941). 


2N. Campbell. J. Appl. Phys. 22, 1139 (1951); R. L. 
Schwarz, Phys. Rev. 87, 995 (1952). 


Rogosa and G, 


Collective Model in the Analysis of Gamma Rays. D. N. 
Kunbu, The Ohio State University.—Nuclear gamma energies 
are studied from a combined point of view of the independent 
particle model and the collective model. The former provides 
the broad pattern of the nuclear energy states on which is 
superimposed additional states arising from the collective 
motion of the nucleons within the nucleus. The Coulomb 
excitation data, whenever available, have been utilized to 
identify rotational lines near the ground state. The success and 
also the limitations of the models are examined, among others, 
with Se7§, Lu'’*, Hf'*!, Au’, and Hg", as examples. The 
gamma rays of Np** have been used to illustrate the possibility 
of rotational levels associated with the ground state and also 
the particle-excited state of Pu™*. Some tentative decay 
schemes involving the collective model will be suggested. 


MINUTES OF THE 1954 JUNE MEETING HELD AT MINNEAPOLIS, MINNESOTA, JUNE 28-30, 1954 


(Corresponding to Bulletin of the American Physical Society, Volume 29, No. 5) 


HE 1954 June meeting of the American Phys- 

ical Society was held at Minneapolis on 
Monday, Tuesday, and Wednesday, June 28, 29, 
and 30. The unusual choice of days of the week was 
dictated by the fact that a total eclipse of the sun 
occurred at 5:07 A.M. on June 30, although pre- 
liminary announcements of the meeting stated that 
the local committee had kindly arranged for the 
eclipse as an added attraction to the meeting. Be 
that as it may, the local committee certainly pro- 
vided ideal weather for the eclipse. After several hot 
and high-humidity days, interspersed with thunder- 


storms, the sun rose on Wednesday in a clear and 
cloudless sky, which remained that way during the 
entire duration of the eclipse. But within‘an hour 
after the eclipse the sky was again half covered 
with clouds. The great bulk of our members saw 
the eclipse, as well as the “Skyhook” balloon 
launching, from the Old University airport, under 
perfect seeing conditions. A very few were so for- 
tunate as to see it from one of the two special planes 
provided by the airplane companies. 

The American Association of Physics Teachers 
held concurrent sessions with the American Physical 
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Society, and there was a common registration and 
much intermingling of attendance. The total regis- 
tration was 484, considerably below that (741) at 
the March Detroit-Ann Arbor meeting. But over 
240 attended the banquet on Tuesday evening, a 
slightly larger number than at the Detroit-Ann 
Arbor banquet. If half the registrants should 
attend the banquet at one of the large At- 
lantic Coast meetings, it would certainly create 
a problem. The after-dinner speakers were E. W. 
Davis of the University of Minnesota, speaking on 
the processing of taconite iron ore, and R. M. Sutton 
of Haverford College, who by personally devised 
slides and actual demonstrations illustrated clearly 
the theory and detailed features of the impending 
total eclipse. The banquet ended at 10:00 P.m., 
giving opportunity for a full three to four hours of 
sleep for those who later viewed the eclipse. 

The four lecture rooms of the Physics Building, 
plus one lecture room in the closely adjacent 
Murphy Hall, provided more than adequate ac- 
commodations for the sessions of both organiza- 
tions. The largest single attendance, some 350, 
occurred at the joint session on Monday afternoon, 
when four invited papers on astronomical subjects 
were presented. During the middle of Tuesday 
morning the total attendance at the three physics 
sections was about 240 and that at the AAPT sec- 
tion was 165. Strange to relate, the total attendance 
Wednesday morning, in spite of the early morning 
exertions incident to the eclipse, was equally large, 
with 160 at the session of invited papers on nuclear 
accelerators. There were 32 invited papers and 
112 contributed papers (plus three post-deadline 
papers), although how many were read by title 
only is not known to the undersigned. 

The local arrangements were ably handled by 
a local committee headed by John Winckler, and 
the ladies were royally entertained by a committee, 
headed by Mrs. C. N. Wall, which also arranged 
an enjoyable tea for Monday afternoon. The en- 
tire meeting proceeded with great smoothness in 
spite of the highly unusual but unavoidable absence 
of Dr. Darrow. 


RAYMOND T. BirGE, Vice-President 
American Physical Society 


‘Council Meeting of June 18, 1954 


The Council of the American Physical Society 
met in New York City on June 18, 1954, for the 
purpose of acting on candidates to Fellowship and 
to Membership. It elected four candidates to 
Fellowship and 151 to Membership: the names 
follow. 


Elected to Fellowship: W. L. Brown, D. N. Kundu, J. D. 
Kurbatov, R.. D. Spence. 
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Elected to Membership: *Roger Harris Anderson, Frank 
Asaro, *John Joseph Bartulovich, Edward Arthur Baum, 
Richard Charles Beitz, Paul Belgodere, *William Ralph Ben- 
nett, Jr., Harold Berger, *Eugene M.° Bernstein, Eugene P. 
Bertin, Avadh Behari Bhatia, *David Theobald Blackstock, 
John Dieterle Blades, Eliot Z. Block, *Charles R. Bruce, Harry 
Bryant, *James Warland Burgess, *Jay Burns, III, *Nina 
Byers, Robert Swain Caird, Jr., Willie Russell Callahan, 
George Weirich Callendine, Jr., *Richard Andrew Campbell, 
*Murray Cantwell, *Joan Robinson Clark, Kenneth Leon 
Clum, James W. Cobble, Royal Eugene Collins, Joseph M. 
Conley, Frederick Pitkin Cranston, Jr., Robert Wallace 
Crowe, *Robert Emil Danielson, John Edmund Davey, Jeffer- 
son Deveaux Davis, Jr., Robert Benjamin Davis, Donald 
Paul Devor, *Bertram Gale Dick, Jr., Pierre Donzelot, Gloria 
Lee Dority, E. Doser, Albert Charles Doskocil, Jr., *Ross Alan 
Douglas, "George C. Dousmanis, *James Holahan Doyle, "Gene 
F. Dresselhaus, Richard John Eden, Nicholas E. Efremov, 
‘Stanton Lea Eilenberg, John Robert Eklund, Winfield W. 
Evans, Norman J. Field, Val L. Fitch, *Joseph Newton Fritz, 
Edward Joseph Furno, Wolfgang Gartner, Andre Gauvenet, 
*Joseph Giordano, Harvey Louis Glick, *Irwin Goldberg, 
*lJames Power Gordon, *Kazuo Gotow, ‘Alexander Louis 
Harvey, Russell LaVerne Heath, Carl Christian Hein, *Leon 
Heller, *Charles D. Hendricks, Jr., David Franklin Herring, 
Casselman Ben Hess, *John Harold Hoffman, *John P. Hurley, 
Merle M. Irvine, John Edward Ivory, Jay Andrew Horton 
Jacobs, Richard Victor Jones, Walter E. Jordan, *Robert 
Michael Kalbach, Shu-koo Kao, Robert Franklin Keith, 
Donald W. Kent, Yutaka Kohasi, *Earl Leonard Koller, John 
Nelson Kriebel, *Robert Krotkov, *Theodore Jugo Kruse, 
Donald Lee Lafferty, W. Laskar, Kent D. Lawson, Robert 
Briggs Leachman, Graham Edward Lee-Whiting, Lutz Leo- 
pold, *Alfred U. MacRae, Lawrence Bersell Magnusson, 
*Willard Edward Matheson, Sanford Aaron Meltzer, *Bruce 
Howard McCormick, Forrest S. Mozer, Raj Pratap Misra, 
Akira Miyahara, Joseph Jackson Murray, Jr., Edward S. 
Naidus, *Edward Hagi Nicollian, Tetsuji Nishikawa, John 
Torrey Norton, Felix E. Obenshain, Reinhard Oehme, Thomas 
Otten Paine, James Henry Parker, Jr., *William J. Pervin, 
*Richard J. Plock, Kenneth Stanley Preschel, *Allen Bishop 
Robbins, *Paul C. Robison, Donald Stanley Rodbell, James 
Edward Roderick, Roop Chand Sahns, *Alvin Martin Saper- 
stein, Muneo Sasaki, Seibun Sasaki, Cameron B. Satterwaite, 
*Heinz Scharfstein, *Leon Joseph Schkolnick, "Stanley Sch- 
neider, Robert T. Schumacher, Herman P. Schwan, *Bernice 
G. Segal, William Eno Semple, *Rodman Alton Sharp, *James 
Leonard Shilts, Rachel Stahl, Clare Perry Stanford, Alden 
Stevenson, *James Carr Suits, George K. Tajima, Phrixos J. 
Theodorides, John Wright Thomas, Ho Yet Tom, Jay Todd, 
Jr., “Arnold Martin Toxen, Robert Allen Tracy, Henry Snow- 
den Valk, Johann Siegfried Wagener, *Richard John Wagner, 
Stephen Waldron, William Charles Walker, Jack Dussel 
Warthman, *Donald Arthur Wiegand, David Jean Winslow, 
*Robert William Wright, Michael Koichi Yonemitsu, John 
Sheldon Youtcheff, John Southey Wise, and Solomon 
Zwerdling. 


* Student. 
Kart K. Darrow, Secretary 


American Physical Society 


Errata Pertaining to Papers B1, D1, and H11 


Bl, by Richard Schlegel. In line 10, the comma between 
S=S’ and 8=1/kT should be a semicolon. 

D1, by Milan D. Fiske. The following should be added to 
the by-line: Metallurgy Research Department, General Elec- 
tric Research Laboratory, Schenectady, New York. 

H11, by B. E. Simmons, D. M. Van Patter, D. F. Famularo, 
and R. V. Stuart. In line 5, 136 kev should read 131 kev. 





PROGRAMME 


Monpay MornincG AT 10:00 
Murphy 105 
(D. ALPERT presiding) 


Surface Physics and Domain Formation 


Invited Papers 
(A1 and A2 after A5, and A3 after A7) 


Al. Recent Results in Sputtering by Ion Bombardment. G. K. WEHNER, Wright-Patterson Air 


Force Base. (25 min.) 


A2. Domains and Their Formation in Barium Titanate Single Crystals. W. J. MERz, Bell Telephone 


Laboratories. (25 min.) 


A3. Surface-Barrier Determination by Periodic Deviations from the Schottky Effect. E. A. 


Coomes, University of Notre Dame. (35 min.) 


Contributed Papers 


A4. Low-Frequency Dielectric Loss Peaks in KCI Contain- 
ing Divalent Cation Impurities. E. Burstein, J. W. Davisson, 
AND N. Sciar, Naval Research Laboratory.—Low-frequency 
dielectric loss measurements have been carried out as a func- 
tion of temperature, over the range from 25°C to 200°C, for 
KCI containing divalent cation impurities. KCl containing 
Sr++ exhibits a single peak at 117°C in the dielectric loss 
vs temperature curve for 10000 cps. On going to lower fre- 
quencies, the peak shifts to lower temperatures. A plot of the 
log of the frequency against the reciprocal temperature at 
which the peak occurs yields a straight line curve so that the 
data can be represented by the equation » =v» exp(— U/kT); 
with vo=1.9X10"/sec and U=0.64 ev. Similar peaks are 
also observed in KCI crystals containing Pbt+. The data 
for these crystals are, however, still incomplete. The low- 
frequency loss peaks, first pointed out by Breckenridge, are 
presumably due to relaxation processes involving “ghost’’ 
dipoles in the form of divalent cation—positive ion vacancy 
pairs. The inability to observe loss peaks due to positive ion 
vacancy—negative ion vacancy pairs in pure alkali halides is 
attributed to the fact that the concentration of the ion vacancy 
pairs is very low. 


AS. Thin Films of BaTiO;. CHARLES FeLpMAN, Naval Re- 
search Laboratory.—Ferroelectric films of BaTiO3, about 1-2 
microns thick, have been formed on platinum substrates by 
evaporation in a vacuum and a subsequent heat treatment in 
air. X-ray diffraction examination of the films shows that the 
structure is mainly perovskite with the hexagonal phase as a 
minor constituent. Dielectric and hysteresis measurements 
show the Curie temperature at about 120°C. The room tem- 
perature dielectric constant is of the order of 100. Because of 
their small thickness, the films are almost completely polarized 
by the voltages used in the dielectric measurements. The 
measured value accordingly compares favorably with the 
dielectric constant bulk ceramic. 


A6. A Simple Interpretation of Wehner’s Sputtering Law. 
WALTER WESSEL, Wright-Patterson Air Force Base.—The law, 
which states! that for the threshold of low voltage sputtering 
the momentum WM, transferred upon a metal atom by the 
impinging ion, multiplied by the bulk velocity of sound », 
is proportional to the heat of sublimation S of the metal: 


Mv,=C-S (1) 


seems to demand an explanation on very general terms, be 
cause the constant C (11.2) in (1) is so markedly the same 
for a great number of metals. We have tried to do this, assum- 
ing the propagation of a real sound wave along the surface 
of the metal and applying only the theorems of conservation 
of momentum and energy. As a result we find the above 
formula replaced by 


My, = S(2+2(R/S)*+4R/S), (2) 


where R =mv?/2, m=mass of the metal ions and v,=surface 
velocity of sound. The agreement with the experiments is not 
as good as in the empirical formula (1), being the bracket in 
(2) variable between 9.3 and 15.9; but its average value 12.2 
for 26 metals comes rather close to the value of C in (1). 


1G. K. Wehner, Phys. Rev. 93, 633 (1954). 


A7. Gettering of a Vacuum Vessel by Titanium Metal. 
Virci L. Srout AND Martin D. Gipsons, General Electric 
Research Laboratory.—Data has been obtained for the getter- 
ing of gases by titanium metal. The getter was formed of an 
iodide titanium ring which was heated by a radio-frequency 
induction heater. Gases that were gettered included oxygen, 
nitrogen, carbon dioxide, hydrogen, water vapor, methane, 
and room air. Gettering information was obtained using the 
closed vessel sorption technique, which has yielded values of 
gettering rates and quantities of gas that can be sorbed. 
Residual gases have been identified using the mass spec- 
trometer and reaction products have been analyzed by x-ray 
diffraction. 


A8. Contact Electrification Effects in a Metal-Metal Sys- 
tem. I. General Theory. ArtHuR PAsKIN, Sylvania Electric 
Products, Inc.*—When two dissimilar metals are placed in 
contact and subsequently separated, an electrostatic charge 
develops on the two metals. It is found that an application of 
current ideas on what happens at a metal-metal contact will 
adequately explain the sign of the charge and give an upper 
limit to the magnitude of the charge observed in contact 
electrification. A quantitative understanding of contact charg- 
ing can be obtained by examining the reduction of charge 
through field emission as the two metals are separated. 
Calculations have been carried out which take into account 
the effect of field emission. The details of these calculations 
depend on the particular geometry of the metal contacts. 
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A formula has been developed for the charge to be expected 
when the two metals are of spherical and planar geometry, 
respectively. This relationship is found to be in good agree- 
ment with preliminary contact electrification experiments 
carried out in this laboratory. 


* Work supported by the U. S. Naval Ordnance Laboratory. 


A9. Contact Electrification in a Metal-Metal System. II. 
Results for Mercury-Steel. Paut E. Carrot, Sylvania Elez- 
tric Products, Inc.*—Contact electrification measurements 
have been performed with mercury and steel beirg used_as 


SESSIONS A AND B 


the contact metals. The measurements were performed in 
such a way that both contact potential difference and contact 
electrification could be determined with the same physical 
arrangement. The two measurements on the same contact 
surfaces were needed to correlate these measurements with 
the theory presented in the preceding paper. The use of a 
liquid metal for one of the contacts reduced the effects of 
any frictional electrification to the point where they were not 
detected. The measurements were in agreement with the 
theory within expz2rimental error. 


* Work supported by the U. S. Naval Ordnance Laboratory. 


MonpDAy MorninG AT 10:30 
Physics 170 
(E. L. HILy presiding) 


Theoretical Physics 


B1. Relativistic Statistical Mechanics of an Ideal Gas. 
RICHARD SCHLEGEL, Michigan State College.—For an ideal 
monatomic gas at equilibrium in system K, nj =exp(—a—f«); 
a and # are constants, n; and « are, respectively, the number of 
atoms and relativistic kinetic energy per atom in the ith 
phase-space cell. In system K’, with velocity v=», relative to 
K, nj =exp(—a’ —f’«'). ny=n,'. Relativistic transformations 
on x and momentum ?p, lead to Ar = Ar’, where Ar is phase- 
space cell volume. Association of entropy S with statistical 
probability gives S=.S’, 8=1/kT and fp’ =1/kT", where k is 
Boltzmann's constant and 7 is temperature, are obtained 
from customary thermodynamic arguments; a=a’ follows 
from T= 7” for v=0. The use of the relativistic energy trans- 
formation, «’=([e—vp.(i)]/y, where y=(1—v*/c*)#, gives 
Ty = (T/y)/(1—vp.(i)/e], and, on averaging, 7’=T7/y. 
Radiation from the gas is found by the energy transformation 
to have frequency v’ = vy/(1—v/c cos6’), the usual relativistic 
Doppler equation, where 6’ is the angle in K’ between the 
observed radiation path and velocity vector of K. Relation 
to thermodynamic results for transformation of T and possible 
physical meaning of relativistic transformation of thermo- 
dynamic quantities will be discussed. 


B2. Virial Expansion of the Ideal Bose-Einstein Gas.* 
B. Wino, University of North Carolina.—The ideal Bose- 
Einstein gas can be looked upon as an imperfect gas, imperfec- 
tion being due to quantum effects and giving rise to a con- 
densation phenomenon. The virial expansion is obtained in 
terms of the dimensionless density x; =h*(2rmkT)~'p and the 
dimensionless pressure x2= (h*/kT)(2xmkT)~'p, by eliminat- 
ing y from the equations x;=2,"n-!y" and x;=2,°n-5/2y", 
The result is 


- Ds, . 
nan +3(—oe tin } (1) 


where D, is a determinant of order. n, the elements ai; of 
which are given by [(¢—j+1)n+j—1](¢—j+2)"! when 
j<it+l1, and by 0 when j>i+1. The Einstein condensation 
occurs at x;={(3/2) =2.612--+. The radius of convergence, 
R, of (1), can be estimated in several ways. Starting with the 
series in y, and applying a theorem of Landau, gives 
R> (3/2) (¢(3/2) —[¢ (3/2)? -—1]*|* =0.103---. A rough esti- 
mate of the magnitude of D, yields R2 1/2e=0,184---. A 
better estimate of D, yields R2 1/2e!=0,257-+-. 


_ * Work supported by U. S. Office of Naval Research, 


B3. Universal Curves for Dispersion and Scattering of 
X-Rays.* L. G. Parratt anp C. F. Hempsteap, Cornell 
University.—The theoretical expression for the dispersion (or 
atomic scattering factor) of x-rays has been integrated for 
any value of p, in a \”« term in the distribution of dispersion- 
oscillators for each q shell of electrons. The dispersion- 
oscillator distribution may be written generally as the sum of 
n terms Z,Cynd?™ or, as is commonly done, as a single C,d%e 
term. Damping has been retained, its effect evaluated and 
shown to be negligible except for \ extremely close to the 
wavelength of an absorption discontinuity. Universal dis- 
persion curves (with damping neglected) are presented. From 
the universal curves, if p, and g, (the oscillator strength) are 
known, the refractive index (or the atomic scattering factor) 
for each q shell of any atom, and hence the sum of all g shells, 
can be readily and very conveniently deduced. Comparison of 
these more exact theoretical values with experiment shows 
less satisfactory agreement than before. 

* This research was mperned by the United States Air Force through 


the Office of Scientific Research of the Air Research and Development 
Command. 


B4. Comparison of Several Approximations to Scattering of 
High-Energy Electrons. J. Mayo GREENBERG, Rensselaer 
Polytechnic Institute—Several exact calculations of the scat- 
tering of high-energy electrons by nuclei have been completed! 
or are in the process of being computed. It is, therefore, now 
possible to determine the suitability of the various available 
approximations with the view to finding more convenient 
methods of analyzing the experimental data.? At the least it 
seems probable that accurate extrapolations from exact calcu- 
lations can be obtained. Calculations using the soft sphere® 
method show good agreement with those of Yennie et al. in 
the positions of the minima of the diffraction pattern but are 
in poor agreement otherwise. Further calculations are being 
made using a method‘ based on the W. K. B. treatment of the 
incident plane wave. 

1 Yennie, Wilson, and Ravenhall (to be published). 

* Hofstadter, Fechter and McIntyre, Phys. Rev. 92, 978 (1953). 

* E. W. Montroll and J. M. Greenberg, Phys. Rev. 86, 889 (1952). 


4R. J. Glauber, Phys. Rev. 91, 459 (1953); G. Moliere, Z. Naturforsch. 
2a, 133 (1947). 


B5. Numerical Solution of the Diffusion Equation in Cylin- 
drical Geometrics, G. M. Roe anp R. H. Stark. Knolls 
Atomic Power Laboratory.*—The equation, ¥-DVy+Ay=S, 
with D, A, and S functions of position in (7,2) space, was 
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replaced by a set of simultaneous second order difference 
equations applicable to an NxM mesh. The difference equiva- 
lents of the gradient, divergence, and integral operators were 
chosen to be consistent in the sense that Green’s theorem 
holds exactly. The difference equations were set up for solu- 
tion on the UNIVAC, using an extrapolated Liebmann itera- 
tion scheme. Young's formula! for the extrapolation factor, 
valid for symmetric matrix operators, can be shown to hold 
also for the nonsymmetric matrix in this problem; and the 
optimum extrapolation factor can be estimated by a varia- 
tional method. The convergence rate can frequently be im- 
proved by renormalizing the approximate solution at each 
stage of the iteration. 

* Operated by the General Electric Company for the United States 
Atomic Energy Commission. 


1D. M. Young, Jr., “Iterative Methods for Solving Partial Differential 
Equations of Elliptic Type,’ Ph.D. thesis, Harvard University, 1950. 


B6. Classical Field Theory in the Hamilton-Jacobi Formal- 
ism. HANs Freistapt, Newark College of Engineering.—The 
Hamilton-Jacobi formalism referred to! in connection with 
an attempt to describe quantum effects by a classical rela- 
tivistic field theory is developed further. Both ‘time-inde- 
pendent” and “time-dependent” formulations are given, and 
the relation between them is discussed. In the former, the 
constants of the motion are identified with the ‘‘new’’ field 
variables, whereas in the latter they are the values of the 
fields on a suitable space-like surface. As an illustration of the 
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respective procedures, the classical Dirac and Klein-Gordon 
free fields are solved explicitly. A perturbation method is 
formulated for the case of fields in interaction. The metric 
tensor is not treated as a field quantity. 


1H, Freistadt, Phys, Rev. B94, 746 (1954). 


B7. On the Correlation Function in Burgers’ Model of 
Turbulence.* Morton A. Hyman, Westinghouse Electric Cor- 
poration (introduced by F, N. FRENKIEL).—Burgers has de- 
rived! from his well-known model the following equation for the 
2nd-order velocity correlation function R(y,t) in homogeneous 
turbulence (y is distance between points correlated, ¢ is time): 

2 
0+ 

of tdn? 
v is the kinematic viscosity, 8 is an unspecified pure number, 
and R(t) =R(0,t). It is shown here that 8=0. The resulting 
3rd-order differential equation is integrated first qualitatively 
and then by an accurate numerical scheme. The calculated 
results are consistent with experiment, indicating that the 
assumptions made by Burgers in his derivation of (1) are 
reasonable and that this new approach might be profitably 
pursued. The problem simplifies if one restricts attention to 
the cases n—>0 and |n|—> @. 

* This research was carried out while the author was a Fulbright Scholar 
at the Technical University, Delft, Holland. 


‘. Burgers, Proc, 7th Intern, Congr. Theoret. Appl. Mech., Istanbul, 
1952 (to appear). 


aR j? 
+Or° ~53(R-R); (1) 


Monpbay MorninG AT 10:30 
Physics 150 
(J. M. Barr presiding) 


Invited Papers on Nuclear Radii 


Cl. Determination of Nuclear Radii by Electron Scattering. R. W. Pipp, University of Michigan. 


(30 min.) 


C2. Nuclear Radii from Beta Transition-Energies between Mirror Pairs. D. J. ZAFFARANO, Jowa 


State College. (30 min.) 


MonDAY MorNING AT 10:30 
Physics 133 
(E. P. T. TYNDALL presiding) 


Solid-State Physics 


D1. Effects of Elastic Dilatation and Shear on the Super- 
conducting Transition of Tin. MiLan D. FiskeE.—The earlier! 
measurements on the depression of the superconducting mag- 
netic threshold of tin by hydrostatic pressure have been 
improved by new apparatus using the same differential tech- 
nique as previously. The isothermal difference between the 
critical field of one crystal under pressure and that of a similar 
one under atmospheric pressure has been measured to a pre- 
cision of +1X10~4 gauss/atmosphere above 3.4°K. The 
critical field dependence on pressure varies from —6.8 107? 
gauss atmos at 3.65°K to —6.5X10-* gauss atmos™ at 
3.0°K. These values are in good agreement with those of 
previous investigators and with the recent results (in press) 


of Garber and Mapother near 3.6°K. The speculation that 
shear stresses have a negligible effect on the superconducting 
transition in tin has been checked by a method analogous to 
that of the hydrostatic experiment. A thin-walled tubular 
polycrystal of tin was strained in torsion to provide a nearly 
uniform pure shear. No effect whatsoever was detectable 
within the elastic range. From the constants of the apparatus 
it follows that the effect of shear stress on the magnetic 
transition is less than 4X10~* gauss/atmos. A similar result 
with a solid tin cylinder has been obtained by Maxwell and 
Lutes. 


IM. D. Fiske, Phys. Rev. (to be published). This contains a summary of 
results of previous studies. 
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D2. Temperature Dependence of the Periodic Hall Effect 
in Bismuth.* J. M. Reynovps anp D. D. Triantos, Louisiana 
State University.—-At 1.4°K the Hall effect in bismuth shows 
oscillations which are periodic in 1/H, and whose amplitude 
increases with increasing magnetic field! We have measured 
the Hall effect in a single crystal of bismuth in fields up to 
8 kilogauss and at seven temperatures ranging from 1.38°K 
to 4.21°K. The magnetic field was parallel to the trigonal 
axis of the crystal and the current was along one of the binary 
axes. The period and phase of the oscillations were found to 
be independent of temperature while the amplitude decreased 
rapidly with increasing temperature. From these data esti- 
mates are made of the values of the effective Bohr magneton 
and of the Fermi energy of the electrons responsible for the 
effect. For this orientation 8* is 2.210-" erg/gauss and Eo 
is 1.5X10-“ erg =0.009 ev. 


* Supported by the National Science Foundation. 
1 Reynolds, Leinhardt, and Hemstreet, Phys. Rev. 93, 247 (1954). 


D3. Oscillatory Thermal Conductivity of Bismuth in Mag- 
netic Fields at Liquid Helium Temperatures. J. Basiskin 
AND M. C. STEELE, United States Naval Research Laboratory.— 
An oscillatory dependence of the thermal conductivity upon 
magnetic fields has been observed in a bismuth single crystal 
at 1.60°K in fields up to 12 600 gauss. The magnetic field was 
perpendicular to the trigonal axis and parallel to a binary axis, 
while the heat current was parallel to the trigonal axis. For 
this orientation the thermal conductivity oscillations were 
periodic in H~ with B/E equal to 7.21075 gauss“. This 
value is in good agreement with the results of the measure- 
ments of the magnetothermoelectric oscillations! and the cal- 
culated value from the de Haas-van Alphen effect* for the 
same orientation. The amplitude of the oscillating component 
amounted to 0.83 percent of the total thermal conductivity 
at 8300 gauss. The mean value of the thermal conductivity 
decreased 3.7 percent in going from zero field to 12 600 gauss. 


1M, C, Steele and J. Babiskin, Phys. Rev. (to be published). 
* D. Shoenberg, Trans. Roy. Soc. (London) A245, 1 (1952). 


D4. Order-Disorder Problem for a Cubic Lattice. F. J. 
Murray, Department of Mathematics, Columbia University.— 
A new formulation for the van der Waerden probability 
approach to the statistics of a cubic lattice is based mathe- 
matically on the principle that the order in which flaws are 
introduced is immaterial. Also a precise treatment of the 
interference relations between polyhedra is given. This leads 
to a summation problem involving the matrix A previously 
considered by the author. For the three-dimensional case, 
methods are developed for evaluating the A sum which yield 
the internal energy and specific heat over the full temperature 
range without mathematical singularity. In two dimensions, 
A does not have the completely continuous character (when 
regarded as an infinite matrix) upon which these methods 
are based. The three-dimensional computation does require 
large-scale automatic sequence calculation even when certain 
judicious approximations are made. Agreement with other 
theoretical evaluations is as good as one could expect in the 
range over which these are valid, but comparison with the 
experimental results of Sykes shows definite qualitative dif- 
ferences. However, it may be worth noting that if interference 
is ignored, good agreement over a specified range is possible. 
Funds were provided by the Office of Naval Research for this 
investigation and the Florida Automatic Digital Computer 
was made available at Patrick Air Force Base. 


DS. Effect of Surface Friction on High-Speed Penetration. 
Josern M. Krarrt, Naval Research Laboratory.—The fric- 
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tional adhesion between projectile and target during a ballistic 
penetration has been measured with a torsional Hopkinson 
bar. The apparatus allows measurement of the torsional 
adhesion of a spinning projectile during its penetration of the 
bar end. Both the axial and torsional forces are measured as 
strain waves in a long bar, separation of the two occurring 
by virtue of the lower propagation velocity of the torsional 
wave. By assuming the friction resisting rotation to be equal 
to that resisting axial penetration, the energy loss due to 
friction was computed. It was found that friction accounts 
for at most three percent of the striking energy of the pro- 
jectile; common surface contaminants, not necessarily special 
lubricants, reduce this loss to less than one percent. The 
torque-time pattern during penetration can be closely pre- 
dicted with the assumption of a frictional energy loss just 
sufficient to keep the sliding surfaces at the melting tempera- 
ture of the metal. 


D6. Diffusion of Impurities in Silicon. W. C. DUNLAP, Jr., 
H. V. Boum, anv H. P. Manon, JR., General Electric Research 
Laboratory.—Measurements of the diffusion of several im- 
purities into silicon have been made using the following 
methods: (a) the p-n junction method,! for antimony and 
boron; (b) the radioactive tracer method, for antimony and 
gold; and (c) capacity measurements, for gold. The capacity 
method is based upon the high ionization energy of gold in 
silicon ;? when gold diffuses into p-type silicon, there is created 
a layer which becomes highly insulating at liquid nitrogen 
temperature. By measurement of the capacity of the sample, 
coated with aluminum-gallium electrodes, the thickness of 
the insulating layer was measured. Measurements were made 
on the aforementioned impurities between 900°C and 1300°C. 
Antimony and boron diffuse relatively slowly. Their diffu- 
sion coefficients at 1100°C are about 10-" and 10- cm?/sec, 
respectively. The activation energy for diffusion is about 3.5 
ev. Both these elements are probably substitutional in silicon. 
Gold, on the other hand, diffuses relatively rapidly and has 
a diffusion coefficient at 1100°C of about 10-7 cm?/sec. The 
apparent temperature dependence of diffusion is, however, 
greater than for antimony and boron. Because of the donor 
action of gold in silicon and the large diffusion coefficient at 
1100°C, it is postulated that gold is interstitial in silicon. 


1W. C. Dunlap, Jr., Phys. Rev. 87, 615 (1952). 
2E. A. Taft and F, H. Horn, Phys. Rev. 93, 64 (1954). 


D7. Oxidation of Thin Films of Ge and Si. W. C. Dasn, 
General Electric Research Laboratory.—A thin film of varying 
thickness of amorphous Ge or Si is evaporated onto one wall 
of a glass tube. Optical transmission studies are made as a 
function of position along the film using 5461A light for Ge 
and 3650A for Si. Exposure to silver-diffused oxygen or to 
room air immediately increases the transmission, and it con- 
tinues to increase over a period of several days. Using absorp- 
tion constants reported in the literature, an ‘‘apparent”’ oxide 
thickness can be computed. This apparent oxide thickness is 
found to vary approximately linearly with thickness of the 
film, consistent with the idea that the film is porous or gran- 
ular. A Ge film which has been recrystallized by annealing for 
an hour at 400°C! oxidizes much more slowly than an un- 
annealed film. It is not possible to decide from these results 
how thick an oxide layer is formed, but the experiments do 
establish that at least a monolayer of oxide and probably 
more is formed very quickly on an amorphous or crystalline 
film of Ge and on an amorphous film of Si upon exposure to 
pure silver-diffused oxygen as well as to the atmosphere. 


1G. H. Haas and N. W. Scott, J. phys. radium 11, 394-402 (1950). 
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MonpDaAY AFTERNOON AT 2:00 
Murphy 105 
(W. G. SHEPHERD presiding) 


Ion and Electron Dynamics, Luminescence 


Invited Papers 
(F1 at beginning, F2 after F4, and F3 after F8) 


F1. Low-Energy-Loss Interaction of Electrons with Solids. L. B. Leper, National Bureau of 


Standards. (25 min.) 


F2. Recent Developments in the Design of High-Energy Synchrotrons. J. P. BLEwertt, Brook- 


haven National Laboratory. (25 min.) 


F3. Post-War Developments in Amplifiers Involving Energy-Exchange Processes between 
Electron Beams and Microwave Electric Fields. L. M. Fievp, California Institute of Technology. 


(25 min.) 


Contributed Papers 


F4. Investigations of Intensity Anomalies in Electron Dif- 
fraction from Crystals.* Henry E. Breep AND J. Mayo 
GREENBERG, Rensselaer Polytechnic Institute.—The expected 
intensities of reflections occurring in electron diffraction are 
generally calculated using the first Born approximation. 
Errors in this approximation may appear in interpretation 
of molecular gas diffraction (where atomic numbers differ 
greatly) and in crystals (where atomic numbers differ by a 
smaller amount).'! This experimental investigation has been 
designed to evaluate anomalous intensities in diffraction of 
crystals of medium atomic weights, in terms of errors inherent 
in the approximation. Experimental results on cubic AgBr 
and hexagonal AgI show that for the former the 111 and 311, 
and for the latter the 004 reflections are considerably stronger 
than the Born approximation predicts. Geometrically, destruc- 
tive interference occurs between silver and halide atoms in 
these reflections. Incomplete interference is attributed to 
relative internal phase shift between atoms of different atomic 
number. A small phase difference is sufficient to account for 
the anomalies. Approximate calculations of the phase differ- 
ence, based on the Thomas Fermi model, are in qualitative 
agreement with the experimental observations. 

* Supported in part by the Research Grants Committee of Rensselaer 


Polytechnic Institute. 
1 Glauber and Shomaker, Phys. Rev. 89, 667-671 (1953). 


F5. Mass Doublet Measurements Using a Modulated 
Magnetic Field.* Crayton F. Giese anp T. L. COoLuins, 
University of Minnesota.—A double-focusing mass spectrom- 
eter previously described! now employs a modulated magnetic 
field for sweeping of mass peaks. A supplementary coil wound 
directly on the spectrometer tube within the magnet gap 
supplies the modulating field and permits, in conjunction 
with an electron multiplier and fast electrometer amplifier, 
the display of a portion of the mass spectrum on the oscillo- 
scope. A system of high-speed commercially available (milli- 
sec) relays provides for incremental changes in the ion acceler- 
ating voltage and electrostatic analyzer deflection voltage on 
alternate sweeps. Adjustment of this increment until the two 
peaks of a mass doublet are superimposed on the oscilloscope 
screen is then equivalent to finding the relative change in 
energy required to give the two ions of different mass the same 
trajectory. Calculation of the mass difference follows from 
this relative change in energy, measured in terms of resistance 
by a precision voltage divider. The advantages of this tech- 
nique are: (1) instantaneous observation of the mass peaks 


facilitates adjustment of the spectrometer, and (2) the fast 
sweeping eliminates the problem of drifts. 
* This research sponsored in part by the joint programme of the U. S, 


Office of Naval Research and U. S. Atomic Energy Commission. 
1A. O. Nier and T. R. Roberts, Phys. Rev. 81, 507 (1951). 


Fo. Applications of Rapid Sweeping to a Single-Focusing 
Mass Spectrometer. C. RopeERtT LAGERGREN, University of 
Minnesota.—A method of rapid sweeping and alternate select 
ing of ion beams in an ordinary 60° mass spectrometer permits 
the investigation of initial kinetic energy distributions of 
fragment ions formed by electron impact. A deflection coil 
placed in the gap of the analyzer magnet sweeps the ion beam 
over a single mass peak. Two ion accelerating voltages, accu- 
rately determined by the ratio of the masses of the ions 
involved, are alternately applied by means of a high-speed 
commercially available (millisec) relay and a precision voltage 
divider network. The relative positions and shapes of the two 
ion peaks appearing simultaneously on an oscilloscope reflect 
their relative initial kinetic energy distributions. Choosing 
for one of the peaks that of a molecular ion whose shape is 
assumed to represent the ‘‘zero’’ initial kinetic energy dis- 
tribution; one can obtain information about the initial energy 
distribution of the other. The superposition of ion peaks also 
facilitates the rapid measurement of the relative abundances 
of ions. This is accomplished by a selective attenuation of the 
input signals to the oscilloscope so that the alternate peaks 
are matched in height. 


F7. Stabilization of Potentials in a Precision Double- 
Focusing Mass Spectrometer.* K. S. QuisenperRry, T. T. 
ScoLMAN AND T. L. Cotiins, University of Minnesota.— 
Preliminary tests and measurements have been completed 
on a large double-focusing mass spectrometer.' To realize the 
advantages of the high resolution, which is approximately 
1 in 40 000, extreme stability is required. This is accomplished 
by using two sensing and stabilizing circuits. The first of 
these, which stabilizes the potential supplied to the electro- 
static analyzer and compensates for any changes in the mag- 
netic field, employs a second smaller spectrometer with a 
modulated ion beam. This system utilizes a synchronous 
detection technique. The second circuit regulates the acceler- 
ating potential in the large spectrometer tube by sensing the 
position of the ion beam after leaving the 90° electrostatic 
analyzer. These systems employ both electronic feedback and 
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mechanical servomechanisms so that the error signals are 
maintained essentially zero. 


* Supported by a grant from the National Science Foundation. 
' Collins, Scolman, and Nier, Bull. Am. Phys. Soc. 29, No. 4, 27 (1954). 


F8. A Model of Solar Proton Streams. WILLARD H. BeEn- 
NETT, Naval Research Laboratory.—A laboratory tube has 
been developed which provides a true scale model of the paths 
of solar proton streams in the earth's magnetic field. This 
model shows that proton streams approaching the earth in a 
stream whose diameter is of the order of 1000 kilometers is 
mostly turned back by the earth's field before reaching the 
earth, while only a small part of the stream reaches the earth 
at the auroral zone of magnetic latitude in a spiral which 
tightens as the stream nears the earth. Streams can also pass 
the earth and be turned back towards the earth forming a 
ring current about the earth near the equatorial plane. The 
magnetic effects of the ring currents and of the tight spirals 
between them account at least qualitatively for magnetic 
storms, and the patterns in the laboratory model agree at 
least qualitatively with the timing of the sequence of events in 
sun spots, first auroral displays and magnetic disturbances. 


F9. Luminescence from NaCl.* W. E. Spicer, University 
of Missouri.—The low intensity, x-ray induced luminescence 
from single NaCl crystals has been studied in the range 240 mu 
to 580 my using photon-counting techniques. The spectra 
obtained depend strongly on the past history of the sample. 
With no heat treatment and small x-ray dosages, bands cen- 
tering about 550, 400, and 250 my were observed. Heating 
the crystals to temperatures between 200°C and 550°C for a 
few minutes causes new, more intense bands at 350 my and 
505 my to replace (or mask) the two long wavelength bands. 
The 250 my band is increased by a factor of about 20. This 
spectrum changes with time under constant x-ray irradiation. 
After 54 hours of irradiation, the 350 my band becomes rudi- 
mentary, the 250 band is greatly reduced, the band at 505 mu 
disappears, leaving the 550 my band and a new band at 430 
my. Repeating the heat treatment restores the high intensity 
of the 505, 350, and 250 my bands. The luminescence was also 
studied as a function of time after stopping the irradiation. 
It was found that after a decay in intensity of three orders of 
magnitude had taken place, almost all of the original intensity 
could be regained by shining white light on the crystal. 


* Supported in part by the United States Office of Naval Research. 


F10. Long Life Luminescence and Diffusion in Magnesium 
Oxide.* B. Goopman, University of Missouri.—An_ ionic 
(vacancy) diffusion model is considered for the very long life 
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phosphorescence (~10’ seconds) observed by Eisenstein! in 
x-ray irradiated MgO crystals. It is assumed that: (1) the 
x-rays release vacancies at dislocation lines,? some of which 
diffuse away from the region of influence of the stress field of 
dislocation; (2) the vacancy mobility is enhanced during the 
irradiation ;3 (3) luminescence results in some unspecified way 
when the vacancies reunite with dislocations. Calculated 
decay curves are similar to those observed which follow t™ 
(n~0.3-0.7) for a number of decades and then fall off rapidly 
but the theoretical curves do not fall off as rapidly. If the 
diffusion coefficient is written as D=D,+(T) where D, is the 
x-ray induved part (assumed proportional to the x-ray inten- 
sity) and D(T)ae~®/*? is the normal coefficient, the ratio 
D,/D(T) can be estimated by using different x-ray intensities 
and different temperatures. Both estimates give D;/D(T)~40 
for the room temperature irradiations. A rather low activa- 
tion energy, E~0.6 ev, is obtained from a fit of the decay 
curves at different temperatures to the calculated curves. 
* Supported by the U. S. Office of Naval Research. 
1A. S, Eisenstein, Bull. Am. Phys. Soc. 29, No. 1, 39 (1954). 


2J. J. Markham, Phys. Rev. 77, 500 (1952). 
+ F, Seitz, Phys. Rev. 89, 1299 (1953). 


F1l. Optical Absorption Spectra of Stoichiometric Single 
Crystals of MgO.* W. T. Perta, University of Minnesota.— 
Magnesium oxide single crystals, believed to be of stoichi- 
ometric composition, have in the ultraviolet region of the 
spectrum an absorption commonly believed to be the tail of 
the fundamental absorption band. However, in experiments 
on the coloration of these crystals with excess magnesium, 
changes in this “background” absorption have been observed 
quite apart from the large absorption changes caused by the 
addition of the excess magnesium. This has led to attempts 
to correlate the background absorption with the densities of 
the various types of lattice defects present in the crystal. 
To this end background absorption spectra are being studied 
as a function of the time and temperature of heat treatment 
in vacuum. 


* Supported by United States Signal Corps. 


F12. Excitation of Zinc Oxide Phosphors by Low-Energy 
Electrons. Ross E. Suraper, RCA Laboratories Division.— 
The phenomenon of excitation of ZnO phosphors by electrons 
when the applied voltages are equal to or less than the 
equivalent ev of the observed photons has been investigated. 
The results suggest that in ZnO phosphors the energy level 
distribution is such that any electron accepted by the crystal 
lattice, regardless of how small was its velocity in vacuum, 
has the ability to produce luminescence. 


MonpDAY AFTERNOON AT 2:00 
Physics 150 
(R. T. BrrGE presiding) 


Joint Session of American Physical Society and AAPT 


Invited Papers on Astronomical Subjects 


G1. Galactic Magnetic Fields. W. A. HittNer, Yerkes Observatory. (30 min.) 

G2. White Dwarfs and Degenerate Stars. W. J. Luyten, University of Minnesota. (30 min.) 

G3. The Probable Age of the Earth. T. L. CoLiins, University of Minnesota. (30 min.) 

G4. Galactic and Extra-Galactic Sources of Radio Waves. F. Granam Smitu, Cambridge Uni- 


versity. (30 min.) 





SESSION H 


MonbDAy AFTERNOON AT 2:00 
Physics 170 


(G. FREIER presiding) 


Mainly Reactions of Transmutation 


H1. Gamma Rays from Proton Capture in Li’ and F'*.* 
E. B. Netson, W. LAWRENCE, AND R. R. Carson, Stat: 
University of TIowa.—Sodium iodide scintillatica detectors 
and a 10-channel pulse-height analyzer were used to search 
for cascade gamma-ray transitions following the capture of 
440-kev protons by Li’. The number of coincidences between 
a gamma ray of energy greater than 6 mev and one of energy 
greater than 2.6 Mev is less than 1 percent of the total gamma 
transitions. A three-crystal scintillation pair spectrometer 
was used to search for gammas in the energy region of 10-12 
Mev. Their intensity is less than 10 percent of the 17.6-Mev 
intensity. The 13.08-Mev state in Ne”, formed by the capture 
of 224-kev protons by F, was found to decay by alpha emis- 
sion to the 6.13-Mev state in 0", The angular distribution of 
the 6-Mev radiation is strongly anisotropic. Alpha emission 
to the ground state of 0" is inhibited by at least a factor 2 
compared to the short-range alpha. These results limit the / 
value of the captured proton and the spin and parity of the 
capture state. 


* Supported in part by the U. S. Atomic Energy Commission. 


H2. Gamma Rays from (p,y) Reactions in B'! and Mg". 
D. S. Craic, W. G. Cross, and R. G. Jarvis, Chalk River 
Laboratories. —The yield of 16-Mev radiation from B"(p,y)C" 
has been found to exhibit a resonance at 163 kev with an 
intensity 1/40 that of the 12-Mev radiation in agreement 
with Moak and Robinson.! The angular distribution of 
the 16-Mev radiation at this resonance has been determined 
from measurements at 0, 60, 90, and 120° to be of the 
form 1—A cosé+B cos’é with B = A +0.03 and A =0.22+0.06. 
The presence of the odd power cosine term can be interpreted 
as interference with a level of opposite parity. The gamma 
spectrum from the 222-kev resonance in Mg**(p,y)Al** shows 
a line of 2.03+0.02 Mev coincident with one of 0.47+0.02. 
In disagreement with measurements of Casson? no 2.5-Mev 
transitions to the ground state with an intensity greater than 
2 percent of the 2.03 component has been fund. The angular 
distribution of the 2.03-Mev radiation is isotropic to within 
a few percent. Assuming this transition is to the first excited 
state then the spin and parity of the 2.5-Mev level in Al? is 
1/2+, or possibly 3/2 +. 


1 Oak Ridge National Laboratory 1005 Sa eeemeret 
1H. Casson, Phys. Rev. 89, 809 (1953) 


H3. The Reaction C'*(py)N" Above the (pn) Threshold. 
H. E. Gove, G. A. BARTHOLOMEW, E. B. Paut, ann A. E. 
LITHERLAND, Chalk River Laboratories.—The yield of the 
proton capture gamma ray leading to the ground state of 
N'5 has been measured at three angles 0°, 90°, and 142° 
from Ep=0.90 to 2.2 Mev. The angular distribution and 
partial width of this gamma ray were measured at resonances 
at 1.17 and 1.32 Mev and, in addition, the partial width was 
measured at 1.46 Mev. The results are summarized in the 
table. The values for I'm and Ip will be discussed in the 
following abstract. The spin and parity assignments are based 








kev I'nkev Tpkev wyev J Trev Radiation 
1.3 6.2 0.17 {+ 0.21 M1 





34 94 0.48 + 2.2 El 
~5 ~500 29 + 2 El 








on angular distributions, interference effects, and single par- 
ticle limit arguments. The previously unreported broad s-wave 
state at 1.46 Mev whose total width and partial width for 
ground-state gamma emission are both about 0.2 of the 
single particle limit may account for the thermal neutron- 
capture cross section and gamma-ray spectrum, Some previous 
measurements have been reported.! 


1 Spearman, Hudspeth, and Morgan, Bull. Am. Phys. Soc. 29, 10 (1954). 


H4. Neutrons from the Reaction C'*(pn)N". A. E. Lirner- 
LAND, E. B. Paut, G. A. BARTHOLOMEW, AND H. E, Gove, 
Chalk River Laboratories—The C'(pn)N® reaction has been 
studied with protons in the energy range from the threshold 
to 2.2 Mev. The angular distribution of the neutrons has been 
measured at the resonances previously reported! using a 
long BF; counter as detector. All distributions but one showed 
odd terms in cos@ indicating interference between states of 
opposite parity. The 1.17 and 1.32-Mev resonances seem to 
interfere with the broad level at 1.46 which is more clearly 
seen in the y-ray yield curve. The angular distributions are 
consistent with assignments of 4— and 4+ respectively for 
the former resonances and }$+- for the broad state. The neutron 
and proton partial widths have been calculated using the 
known (np)* and (nn)* cross sections and our (pn) yield 
measurements. The assignments of higher resonances from 
width and angular distribution measurements will be dis- 
cussed. 


rm McCue, Preston, and Goodman, Phys. Rev. 83, 1133 


a 
iu. Johnson and H. H. Barschall, Phys. Rev. 70, 818 (1950). 
‘ Hinebe y, Stelson, and Preston, P hys. Rev. 86, 483 (1952). 


HS. An Excited State of Oxygen-19.* T. F. Srrarron, 
K. F. Famucaro, H. D. HoLMGREN, AND R, V. Sruart, 
University of Minnesota.—Foils of 0.04-mil nickel were oxi- 
dized with oxygen enriched to 23 percent O'*! to form 
self-supporting NiO targets containing approximately 10” 
oxygen atoms per square centimeter. Comparison of the yield 
of reaction products with deuterons incident on normal and 
enriched targets showed one new proton group due to the O'* 
target. The experimentally determined Q for the reaction 
was 0.3+0.3 Mev. Assuming a mass defect of 8.65 Mev? for 
O"* places the excited state in O" at about 1.6 Mev. The differ- 
ential cross section for the reaction was measured for 3.01 Mev 
deuterons at twenty center-of-mass angles ranging from 5° 
to 161°. The distribution was of the character of a typical 
1,=0 type stripping distribution with a cross section of 
213 mb at 5° falling to a minimum of 11 mb at 48° and rising 
to a secondary maximum of 27 mb at 84°. Attempts to resolve 
the ground-state protons from O'*(d,p)O" and O'*(d,p)O” 
failed, indicating that the Q’s for these reactions are the same 
within the resolution of our detectors, 0.4 Mev. 

* Assisted in part by the joint program of the U. S. Office of Naval 
Research and the U. S. Atomic Energy Commission. 


1 Courtesy of Professor A. Nier. 
1E. Bleuler and W. Zinti, Helv. Phys. Acta 20, 195A (1947). 


H6. Angular Distribution of the O'(d,p)O'’ Reaction.* 
D. M. VAN Patter, B. E. Stumons, T. F. StRATTON, AND 
D. M. Zieoy, University of Minnesota.—Nickelous oxide foil 
targets as described in the preceding abstract were bombarded 
with incident deuterons of laboratory energies 2.3 Mev to 
3.9 Mev. The absolute yield of the O'*(d,p)O" ground-state 
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reaction was measured at 0cm=53° in 35-kv steps over the 
indicated energy range. A resonant type yield was obtained 
with differential cross sections at Oem=53° of 17 mb at 2.65 
Mev, 33 mb at 3.01 Mev, 19 mb at 3.25 Mev, and 31 mb at 
3.43 Mev. Angular distributions’ obtained over twenty-two 
center-of-mass angles from 5° to 161° at these four deuteron 
energies showed a forward maximum at 53° falling to a mini- 
mum of 13 mb in the neighborhood of 90° and rising gradually 
to 16 mb in the back angles. Fluctuations of intensity at the 
forward maximum provided the major contribution to maxima 
in the total yield at 3.0 Mev and 3.4 Mev. The differential 
cross section for the O'*(d,p)O'"* reaction (0.875-Mev level) 
was measured at 3.01 Mev and 3.43 Mev. The distribution 
obtained was of the typical stripping type with 1, =0. 

* Assisted in part by the joint program of the U. S. Office of Naval 


Research and the U. S. ~ yy Ener y Commission. 
1N. P. Heydenburg and D. R. Inglis, Phys. Rev. 73, 230 (1948). 


H7. Angular Distributions in (d,p) Reactions with Ti‘’ and 
Ti*.* F. B. SHuLt AND M. M. Bretscuer, Washington Uni- 
versity.—Thin targets of TiO, (one with Ti‘? enriched to 82 
percent, another with Ti** enriched to 99 percent) were bom- 
barded with 10.2-Mev deuterons. Proton angular distributions 
were determined by a photographic method. Aluminum foils 
in front of nuclear emulsion plates served as energy selectors, 
so that proton groups from various excited states could be 
studied separately. Comparison with Butler's! theoretical 
curves establishes the angular momentum 1,Aé for the cap- 
tured neutron, from which spin and parity of the final nuclear 
level may be determined. Our results are tabulated: 


Q value 
(Mev)* 


8.14 

6.81 

5.83 
8: 
8 
46 
Al 


Reaction 
Ti (d,p)Ti® 





Tit*(d,p) Ti#® 








» 1299 (1952). 
* Supported by the U. S. wt Force through the Office of Scientific 
» of the Air Force Research and son sae (16 en. 

9 (1951) 


*G. Pieper, 7 Rev. 


Researc 
1S, T. Butler, Proc, Roy. Soc. (London) A208, 5 


H8. Phase-Shift Analysis of the Elastic Scattering of Pro- 
tons by He*. R. W. Lowen, University of Minnesota (intro- 
duced by C. Critchfield).—A phase-shift analysis of the 
differential cross sections for the elastic scattering of protons 
by He? in the region from 1.01 to 3.52 Mev' has been made. 
It is found that the data can be fitted within the probable 
errors of approximately 5 percent by a single S-wave and a 
single P-wave phase shift, without any spin dependence. The 
S-wave phase shift is very nearly that of a charged hard sphere 
of radius 3.6X10-" cm, while the P-wave phase shift is 
positive and increases from about 4° at 1.01 Mev to 25° at 
3.52 Mev. The best value for the D-wave phase shift at the 
highest energy is zero. 


1 Famularo, Brown, Holmgren, and Stratton, reported at the Thanks- 
giving meeting of the American Physical Society, 1953 (to be published). 


H9. Energy Levels of Li’.* A. GAaLonsky AND M. T. 
McELuistrEM, University of Wisconsin.—A phase-shift anal- 
ysis of deuteron-helium elastic scattering! has been performed. 
The single-particle level at 2.187 Mev in Li® has been verified 
at 3+. The broad anomaly extending from 3 Mev to the limit 
of observation, 4.62 Mev, cannot be analyzed in terms of a 
single level. Instead, it has been fitted with two single-particle 
levels, a 2* level at Eg =4.53-Mev excitation in Li® and a 1* 
level at 5.44-0.5 Mev. The 1* level cannot be located more 
accurately because only the tail is visible at the bombarding 
energies available. Of all the other two-level combinations 


SESSION H 


only (3+, 1*) has not yet been ruled out. The assignments 
(3+, 2+, 1*) and locations of the levels agree with an inter- 
mediate coupling? which is close to the L—S extreme. In 
fitting the 3+ resonance, it was necessary to use a small posi- 
tive P-wave phase shift, whereas the usual hard-sphere phases 
are negative. Neither inclusion of G-wave excitation of the 
3* level nor variation of the interaction distance can change 
the sign of the P-wave phase shift. 
* Work supported by the Wisconsin Alumni Research Foundation and 
the U. S. Atomic Energy Commission. 
oy? Dougla:, Haeberli, )'cEllistrem, and Richards, Phys. Rev. 


93, 7 (1954 
D. R. Inglis, Revs. Modern Phys. 25, 390 (1953). 


H10. Cloud-Chamber Investigation of High-Energy Photo- 
nuclear Reactions.* W. E. Matueson,f C. R. Cartson,t 
F. S. Matuews, R. O. Haxsy, AND R. M. WHaLey, Purdue 
University.—A 14-inch Wilson cloud chamber with associated 
timing and control equipment designed for use with the 
Purdue 300-Mev electron synchrotron has been constructed 
and put into operation with the accelerator. While the 13 000- 
gauss magnetic-field equipment is being completed, experi- 
ments have been carried out by irradiating internal and 
external chamber targets with a 285-Mev photon beam. 
Photodisintegrations in carbon, argon, and helium have been 
observed inside the chamber. Photoprotons from carbon with 
energies ranging from 45 Mev to 105 Mev have been observed 
at 90° to the photon beam. The proton differential spectrum 
as determined from 236 protons recorded in approximately 
6800 photographs compares well with the results obtained by 
other workers using scintillation-counter techniques. Nuclear 
cross sections obtained in units of de/QdQ microbarn-effective 
quantum™-steradian™ are: 37.5+4.5 in the proton-energy 
interval 45 Mev-80 Mev and 13.0+1.5 in the interval 80 
Mev-i05 Mev. 

* Supported in part by the U. S, Atomic Energy Commission. 


| Now at Linde Air Products Company. 
Now at Sandia Corporation. 


H11. Coulomb Excitation of Neodymium.* B. E. Simmons, 
D. M. VAN Patter, K. F. FAMULARO, AND R. V. Sruart, 
University of Minnesota.—A Nal-TI scintillation spectrometer 
with 9° angular resolution was employed in conjunction with 
the Minnesota electrostatic generator to study the 136-kev 
gamma! resulting from the proton bombardment of neo- 
dymium metal.? A target “thick’’ to protons and “thin” to 
the gammas was prepared by evaporating Nd onto a 0.1-mil 
nickel backing. Electronic circuits designed to prevent over- 
loading and a 10-channel pulse analyzer provided stable 
operation for obtaining an angular distribution of this gamma 
ray, of the form 1+-0.2 cos*@ for a proton energy of 2.25 Mev. 
At this energy the yield at 90° is 0.20 that of the Ta 137-kev 
gamma ray, whose angular distribution was measured, as a 
check, to be isotropic to +2 per cent. Measurements of the 
excitation function and the absolute cross section for produc- 
tion of the Nd gamma ray, as well as theoretical calculations 
concerning its angular distribution, are in progress. 

* Assisted in part by the joint program of the U. S. Office of Naval 
Research and the U. S. Atomic Energy Commission. 

1 This gamma has been previously reported by N. P. Heydenburg and 

M. Temmer, Phys. Rev. 93, 906 (1954). 


2 We are indebt H. Spedding for making available the 
neodymium. 


to Professor F. 


H12. Comparative Study of Gamma Spectrum of I"! with 
Scintillation and Thick Lens Spectrometer. M. Saka, B. 
Murray, AND J. D. Kursatov, The Ohio State University.— 
Gamma-ray spectrum of highly chemically pure I'** was first 
obtained with an ordinary single-channel scintillation spectrom- 
eter. This spectrum was resolved for the well-known 364-kev, 
634-kev, and the 720-kev gamma rays by comparison with 
the gamma rays emitted by Hg** and Be’ using a procedure 
which will be described. A new “peak” of 514+25 kev ap- 
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peared in the spectrum of I", The Compton spectrum was 
also measured independently with a pure aluminum radiator. 
In addition to the three previously noted gamma rays, analysis 
of the Compton spectrum produced evidence for a new 
gamma ray of approximately 514 kev. The intensity of the 
gamma ray is estimated at 1.2 to 2.0 percent of the intensity 
of the 364-kev gamma ray. Since disintegration of the 514-kev 
gamma ray in all observations followed the eight day half-life, 
it is conditionally assigned to I'*!, 


* [18 was obtained from Oak Ridge National Laboratory and further 
purified chemically. 


H13. Radiations of Pa**.* C, I. Browne, D. C. HorrMAN, 
H. L. Smirn, M. E. Bunker, J. P. Mize, J. W. STARNER, 
R. L. Moore, ann J. P. BaLtaGna, Los Alamos Scientific 
Laboratory.—The nuclide Pa*® has been prepared by thermal 
neutron irradiation of Pa® in the Materials Testing Reactor 
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and the Los Alamios ‘water boiler'’ and its radiations have 
been studied with a magnetic lens beta-ray spectrometer and 
several types of Nal (TI) scintillation spectrometers. Coinci- 
dence and delayed coincidence techniques were utilized in the 
scintillation studies. The beta-ray spectrometer data indicate 
three negatron groups of end-point energies 1.27, 0.502, and 
0.304 Mev with relative abundance of 2, 8, and 90 percent, 
respectively. At least fifteen gamma rays have been found to 
accompany the decay of this isotope. The decay of Pa was 
followed over eight half-lives, giving a value of 1.31 days for 
the half-life. This is in good agreement with the value of 1.32 
days previously reported.! Gamma-ray energies, K/L ratios, 
and conversion coefficients will be given and a decay scheme 
presented. 

* Work performed under the auspices of the U. S, Atomic Energy 


Commission. 
1A, H, Jaffey and E. K. Hyde, Phys. Rev. 79, 280 (1950), 


TUESDAY MORNING AT 9:30 
Murphy 105 


(G. WANNIER presiding) 


Electronic Conduction in Solids 


Invited Papers 


(K1 at beginning of session and K2 after K5) 


K1. Photoelectric Emission and the Electronic Energy Structure of Some Amorphous Semi- 
conductors. L. APKER, General Electric Company. (25 min.) 
K2. The Role of Crystal Imperfections in Photoconductivity. R. H. Buse, Radio Corporation of 


America. (25 min.) 


Contributed Papers 


K3. On the Fermi Level in Semiconducting Amorphous 
Antimony Films. E. Tart anp L. ApKER, General Electric 
Research Laboratory.—Thin layers of Sb were evaporated onto 
substrates of single-crystal Ge held slightly above 300°K. 
They were included as interchangeable emitters in a con- 
centric-sphere retarding-potential phototube in the usual way.! 
Results showed that the Sb had the electronic energy structure 
of a semiconductor. The Fermi level lay about 0.1 ev above 
the top of an occupied band. When the films were heated to 
100 or 200°C, they converted irreversibly to ordinary crystal- 
line semimetallic Sb.! One concludes that the semiconducting 
layers were amorphous, a form of Sb previously observed only 
at considerably lower temperatures.? The Fermi level as deter- 
mined here is consistent with resistivity-temperature data of 
Moss and of Suhrmann and Berndt.? The behavior of evap- 
orated Sb is thus analogous in character to that of As,! and 
the electronic energy structure changes in the same general 
way when the amorphous material is crystallized. 

1E. Taft and L. Apker, Phys. Rev. 75, 1181 (1949); 76, 270 (1949). 


2F, S. Moss, Proc. Phys. Soc. (London) A65, 147 (1952) and cited 
references. 


K4. Photoelectric Emission from BaO.{ H. R. Purcipp,* 
University of Missouri.—The energy distribution of photo- 
electrons from sprayed coatings of BaO indicates two sets of 
energy levels located photoelectrically about 2.0 and 2.7 ev 
below the vacuum level as well as an exciton-induced distribu- 
tion appearing for wavelengths below 3500 A. Yield curves 
from two deactivated cathodes showed no exciton-induced 


emission nor any yield in the 2-ev region indicating that 
exciton-induced photoelectrons probably have their origin in 
the 2-ev level. Measurements were made of the temperature 
dependence of photoelectric emission. The yield was found to 
increase with temperature in the region of the threshold and 
decrease with temperature for wavelengths below 4000 A. 
Semilog plots of exciton-induced emission vs 1/T give straight 
lines corresponding to an activation energy of 0.15 ev for the 
thermal destruction of excitons. Irradiating the cathode with 
red light had no effect on the exciton-induced emission. 
Measurements were made of the photoelectric enhancement 
of thermionic emission. The enhancement increases rapidly 
for enhancing wavelengths below 4500 A. Photoelectric emis- 
sion was found to saturate with voltage for all incident wave- 
lengths. 


t Supported in part by the U. S. Office of Naval Research. 
* Minneapolis-Honeywell Research Fellow. 


K5. Surface “Channel” Detection Method for Semicon- 
ductors. H. CurisTENSEN, Bell Telephone Laboratories, Inc.— 
Electrical “channel” conduction phenomena? occurring on 
germanium and silicon surfaces have been advantageously 
studied for a considerable time by a chopped light spot method 
similar to that used for minority carrier diffusion and lifetime 
measurements.* The observed phenomena can be illustrated 
by consideration of the photoresponse that is obtained for a 
reverse biased n-p grown junction bar of germanium when the 
chopped light spot is moved parallel to the axis of the bar. 
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If no channel is present, the ac photocurrent through the bar 
drops off approximately logarithmically with distance from 
the n-p junction. When a ‘“‘channel”’ is present on the surface, 
the photoresponse to chopped light remains the same as at 
the n-p junction when the chopped light spot is moved a 
considerable distance away from the junction into the channel 
region, This constant response distance is a function of 
reverse bias voltage and specific conductivity of the channel 
conduction skin, The method can separate ‘‘channel” conduc- 
tion and surface ionic leakage effects. 
1W. H, Prattain and J. Bardeen, Phys. Rev. 75, 1208 (1949); Bul. 
System Tech. J. 32, 1 (1953). 
518 (1953). 


2W. L. Brown, Phys. Rev, 91 
*F. S. Goucher, Phys. Rev. 81, 475 (1951). 


K6. Computation of the Mobility Ratio in Pure p-Type 
Semiconductors.* ALLEN Nusssaum, Honeywell Research Cen- 
lter.—Pure p-type semiconductors will show a reversal in the 
Hall coefficient as their temperature rises into the intrinsic 
range. The ratioc of electron to hole mobility for such materials 
can be computed from resistivity vs temperature and Hall 
coefficient vs temperature data by the formula (10*/7,) 
— (10°/T,) = (0.397/E@) log|c/c—1}, where Eg is the forbid- 
den band width in ev, 7, is the Hall reversal temperature, and 
T, is the temperature at which the extrapolated intrinsic and 
impurity sections of the resistivity curve intersect. In the 
case of pure Te, where it is impossible to determine c by direct 
measurement, the formula gives a value which agrees fairly 
well with that obtained by indirect measurement.? Similarly, 
for Te—Se alloys, the computed values increase with Se 
concentration, agreeing with the predicted theoretical trend.* 
Direct verification has been obtained for one sample of 
single-crystal Ge, with a measured value* of 1.47 and a 
computed value of 1.41, 

*Work supported by U. S. Air Force while at the University of 
Pennsylvania. 

'Fukoroi, Tanuma, and Tobisawa, Science Repts. 
Tohoku Univ, Ser. Al, 373 (1949). 

2A. Nussbaum, Phys. Rev. (to be published). 

*H. B. Callen, J. Chem. Phys. 22, 518 (1954). 


*R. M. Baum and D. C. Eckhardt, Sylvania Electric Products, Inc. 
(unpublished). 


Research Insts., 


K7. Grain Boundary Conduction in Gold-Doped Ge. A. G. 
Tweet, General Electric Research Laboratory.—Bicrystals of 
n and p-type gold-doped germanium have been drawn from 
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the melt using (100) seeds bound symmetrically on either side 
of a Mo wedge. The wedge angle 8 was 5° to 15° and lay ina 
(110) plane common to the two seeds. Wafers were cut from 
the bicrystals perpendicular to the axis of growth and ohmic 
contacts fused to either face. The resistance at 80°K between 
these contacts was in the megohm range for bulk germanium,! 
but was found to be from 2X10* to 10° ohm if the contacts 
were on the grain boundary. Hall effect measurements show 
that the grain boundary current is p type for the case of either 
n or p-type bulk germanium. Measurements of the conductiv- 
ity between 20°K and 80°K show that it varies approximately 
as exp(— ¢/kT), with ¢ between 0.01 and 0.07 ev. ¢ seems to 
be dependent upon 8 and y, where y is the angle which the 
perpendicular to the plane of the grain boundary makes with 
the common (110) planes of the bicrystal halves. Twin 
boundaries do not conduct. 


1W. C. Dunlap, Jr., Phys. Rev. 91, 1282 (1953). 


K8. Ultraviolet Transmission and Alpha Bombardment 
Conduction Inhomogeneities in Diamond. A. J. AHEARN, 
Bell Telephone Laboratories.—Most diamonds showed some 
alpha-particle bombardment conduction but its magnitude 
varied widely. Experiments with a beam of alpha particles 
revealed extensive inhomogeneities! within given specimens. 
Contradictory results were obtained in tests with gamma rays? 
vs alpha particles' to see if this counting property could be 
related to the optical transmission in the ultraviolet. This 
suggested that the diamonds were mixtures of opaque and 
transparent types. Contact print transmission photographs 
were taken at 2540-2570 A.U. which showed that many 
specimens were mixtures of opaque and transparent regions. 
With certain diamonds in the form of thin slabs, the same 
variations in alpha counting were observed on both sides, 
and the opaque and transparent regions were larger than the 
alpha beam. On a given diamond meeting these two qualifica- 
tions, the high alpha-count regions agreed well with the 
transparent areas and the low alpha-count regions agreed 
well with the opaque areas. This confirms the conclusion 
drawn from similar comparisons between small diamonds 
under beta- and alpha-particle bombardment. 

1A. J. Ahearn, Phys. Rev. 73, 1113 (1948); 84, 798 (1951). 


2? Friedman, Birks, and Ganvin, Phys. Rev. 73, 186 (1948). 
+ F, C. Champion, Proc. Phys. Soc. (London) Bos, 465, (1952). 


TurEspAY MorNING AT 10:00 
Physics 150 


(PHYLLIS FREIER presiding) 


Cosmic Rays and Mesons 


Ll. Search for Departures of Cosmic Rays from Poisson’s 
Law at Low Counting Rates. I. T. E. Baker, Jr.,* N. C. 
Biats,t C. L. Hemenway, V. Rojansky, M. S. WessTER,t 
AND M. S. WERMAN,§ Union College.—A small GM tube was 
triggered by cosmic rays on the average about once per second. 
Each pulse originating in this tube was counted by a scaler A, 
and every 64th pulse was recorded by an Esterline-Angus 
recorder. A pulse separated from the preceding pulse by more 
than about 20 milliseconds opened after a short delay a 
20-millsecond electronic gate. A pulse that arrived while the 
gate was open triggered not only A but also a second scaler A’, 
and moved a second pen of the recorder. We found that the 
number of pulses passing through the gate was about 3 
percent larger than that computed on the basis of Poisson's 


law from the readings of A. The probability that this discrep- 
ancy occurred in our experiment by chance was about one 
in twenty. 

* Now at the University of Illinois. 

Now at Yale University. 


Now at Washington University. 
Now at New York University. 


L2. Search for Departures of Cosmic Rays from Poisson’s 
Law at Low Counting Rates. II. W. M. Cecetskt, A. T. 
Gosie, C. L. Hemenway, K. Reinitz, V. ROJANSKY, AND 
F. A. Rusuwortn,* Union College—Our apparatus is a 
modification of that described in the preceding abstract. A 
pulse originating in the GM tube is counted by the scaler A, 
as before, and also by a scaler B, which is reset 50 times 
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per minute by a synchronous motor. The ‘“‘on"’ time of B is 
about 0.7 second, the ‘‘off’’ time about 0.5 second. If (and 
only if) B accumulates four or more counts during an ‘‘on” 
interval, it triggers, when reset, a second pen of the recorder. 
We find that the number of sets of four or more pulses occur- 
ring during the ‘‘on”’ intervals of B is somewhat larger than 
that computed on the basis of Poisson's law from the readings 
of the scaler A; numerical results will be presented at the 
meeting. Measurements were also made with B modified to 
count sets of eight or more pulses. A two-tube coincidence 
circuit, activated by a radon source, is being constructed in 
order to permit us to feed random pulses into the apparatus 
and thus to obtain a comparison with cosmic rays. 


* On leave from St. Andrews University, Scotland. 


L3. Heavy Cosmic-Ray Nuclei.* Joun Lins_ey, University 
of Minnesota.—Analysis has been completed of data obtained 
with a Cerenkov counter-cloud chamber apparatus during 
two balloon flights at 40° geomagnetic latitude and atmos- 
pheric depths 15 and 19 g/cm*. Pulses from the Cerenkov 
counter, gated by a Geiger counter telescope, were recorded 
continuously during the 13 hours at high altitude, and cloud- 
chamber photographs were obtained of 394 of the events that 
caused pulses. The primary purpose of the experiment was to 
measure the flux of fast alpha-particles, and 175 photographs 
show the track of such an object, but in addition some 40 
show the track of a heavier nucleus. The pulse height record, 
which exhibits peaks corresponding to charge 6, 7, 8, and a 
group of pulses (229) that saturated the amplifier, served 
to identify the nuclei whose tracks were photographed. On the 
other hand, the cloud-chamber data made it possible to 
evaluate the counter background, which proves to be small, 
especially in the region Z 26. Values will be reported for the 
flux of helium; that of Li, Be, B; that of C, N, O; and that of 
nuclei with Z 2 9. 


* The research was supported in part by the joint program of the U. S, 
Atomic Energy Commission and the U. S. Office of Naval Research. 


L4. Cosmic-Ray Studies with a Cerenkov Detector at 
4=10° and 55°.* K. A. ANDERSON, University of Minnesota.— 
Absolute flux measurements of the cosmic-ray albedo obtained 
at balloon altitude by means of a Cerenkov detector have now 
been made at }=10° and 55°N, supplementing the data 
already reported for 40°.! The apparatus incidentally performs 
a simultaneous range and velocity determination on the 
cosmic-ray particle.? The slow portion intensities thus obtained 
are in agreement with those from other methods, Using the 
experimental value of the splash albedo flux and also taking 
into account the dependence of multiple meson production on 
energy, an approximate calculation shows that the E—W 
asymmetry predicted by geomagnetic theory on the basis of 
all positive primaries can be brought into agreement with the 
measured value’ at \=10°. This would indicate (1) that the 
“distant” albedo is not large compared with the splash flux, 
at least for \=10°, and (2) it is not necessary to require that 
20 percent of the primaries are negatively charged as Bhowmik‘ 
has done. 


* This research was supported in part by the joint pr en Ss of ~ U.S. 


Office of Naval Research and the U. S. Atomic Energy Commissi 
1J. R. Winckler and K. Anderson, Phys. Rev. 93, 596 (1954). 
2 J. R. Winckler, Phys. Rev. 85, 1053 (1952). 
| R. Winckler et al., Phys. Rev. 79, 656 (1950). 
. Bhowmik, Phys. Rev. 89, 327 (1953). 


LS. Flux and Azimuthal Asymmetry of Primary Cosmic-Ray 
Nuclei at the Equator.* R. E. Danietson, P. S. Freier, 
J. S. NAUGLE, AND E. P. Ney, University of Minnesota.— 
Nuclear emulsions were flown for a period of six hours at an 
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average atmospheric depth of 15.2 g/cm* and at a geomagnetic 
lattitude of 9-10°. This flight was part of Project Churchy, 
sponsored by the U. S. Office of Naval Research. Six 4 in. X 10 
in. stacks were exposed, each stack consisting of two 600 u 
Ilford G-5 emulsions and one 600 uw Ilford GO-GS emulsion. 
The stacks were flown horizontally and were oriented with 
respect to the earth's magnetic field for approximately 70 
percent of the time at altitude. A preliminary valuet of the 
flux for <2 10 has already been given as 0.36+0.05/m! sec 
sterad. A better value for the flix based on about 1000 
particles will be reported as well as the azimuthal asymmetries 
of these particles. 

* Supported by the joint program of the U. S. Office of Naval Research 


and the U. S. Atomic Energy Commission. 
¢t Reported at Duke Conference on Cosmic Rays. 


L6. Densitometric Measurement of Emulsion Tracks,* E. P. 
NEY, JOHN NAUGLE, PHYLLIS FREIER, University of Minnesota. 
—A track densitometer of the general type described by von 
Friesent has been designed and used to measure the area of 
developed grains on tracks of heavy particles as a function of 
their residual range. The method is useful for determining the 
charges of stopping particles. It has been found that the 
method is more reproducible than 5-ray counting. The uses 
and limitations of the device will be discussed and compared 
with the results obtained by 6-ray counting. 


* Assisted by the joint program of the U. S. Office of Naval Research 


and the U. S. Atomic Energy Commission. 
t Sten von Friesen, Arkiv Fysik 4 (1952). 


L7. An Example of an Unstable Nuclear Fragment Being 
Emitted from a Heavy Meson Induced Star.* J. E. NAUGLE, 
P, S. FRereER, AND E. P. Ney, University of Minnesota.—A 
very unusual event has been observed in an emulsion exposed 
at 15.2 g/cm* at the equator during the Churchy expedition 
sponsored by the U. S. Office of Naval Research. A charged 
particle travels 1.6 cm in a G-5 emulsion before coming to 
rest. At the end of its range is a star, similar to an ordinary 
sigma star. However, one of the fragments of this star travels 
78 microns before coming to rest in the emulsion. At the end 
of its range is a second star consisting of a short nuclear 
fragment, a 9.0+0.2 Mev proton and 23.5+0.5 Mev pion, 
which travels 1.1 cm before coming to rest. The tentative 
explanation of this event is that a negative heavy meson is 
captured by a nucleus of the emulsion, this nucleus disin- 
tegrates into several fragments, one of which contains a 
“bound V® particle’ and which suffers a mesonic decay 
after coming to rest in the emulsion. The energetics, masses 
of the particles involved, and possible decay schemes will be 
discussed, 


* Supported by the joint program of the U. S. Office of Naval Research 
and the U. S. Atomic Energy Commission. 


L8. Nuclear Collisions at Extreme Relativistic Energies.* 
MARCEL SCHEIN, D. M. HASKIN, AND R. G. GLASSER, Univer- 
sity of Chicago.—Two unusually large stars have been observed 
which may further contribute to our understanding of the 
processes which occur in nucleon-nucleus collisions at very 
high energies. The N star is of type 32+4-137 (mn) and the P 
star is of type 25+-76 (p). The stars are practically identical 
in laboratory angular distribution showing a strong forward 
collimation. The total charge of the outgoing slow fragments 
in the N star is estimated at 40-45, so that the target nucleus 
must have been silver. Of the 137 shower particles in the N 
star, at least 130 must be created particles; * mesons, K 
mesons, proton-antiproton pairs, and hyperons. Thus, count- 
ing neutral radiation a total of about 200 particles are being 
created in a collision of one nucleon with only a few nucleons. 
It is most difficult indeed to see how any modification of an 
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essentially plural theory can explain this fact. Preliminary 
estimates indicate that the primary energy for both these 
stars should be over 10" ev. The N star and the P star rep- 
resent conclusive evidence that in interactions with a heavy 
nucleus multiple meson production must occur in processes 
involving more than one nucleon. 


* Supported in part by a joint program of the U. S. Office of Naval 
Research and the U. S. Atomic Energy Commission. 


L9. Comparison of Proton and Meson Produced Stars of 
Comparable Excitation Energy.* A. D. Spracue, DePauw 
University, AND D. M. Haskin, R. G. GLASSER, AND MARCEL 
Scuein, University of Chicago.—An analysis is carried out of 
star formation in nuclear photoplates of 405-Mev protons and 
222-Mev negative pions produced in the University of Chicago 
250-Mev synchrocyclotron. A comparison of the angular 
distribution of the charged particles in proton stars with a 
Monte Carlo calculation is made. The results show that the 
cascade mechanism is an important factor in proton produced 
stars at these energies. In addition, the number of charged 
particles arising from excitation and subsequent evaporation 
of the heavy nucleus were determined and found to be in 
disagreement by a factor of 5 with predictions of evaporation 
theery. Pion produced stars yield an angular distribution of 
charged particles which is much flatter than that of proton 
produced stars. 


* Sup Spareed in part by a joint program of The U. S. Office of Naval 
Research and The U. S, Atomic Energy Commission. 


L10. Studies of Penetrating and Cascade Showers of Cos- 
mic Rays with Plastic Scintillators at an Elevation of 11 500 
Feet.* C. N. Cuou, University of Chicago.—An apparatus 
consisting of G-M counters and four 18X18 X1 cm* plastic 
scintillation counters interposed with lead plates of various 
thicknesses was used to investigate the penetrating showers 
produced in carbon by cosmic rays at an altitude of 11 500 
feet. The frequency versus energy relation of y rays produced 
from the decay of neutral pions in penetrating showers and 
also the multiplicity spectrum of the charged pions were 
obtained. In addition, the frequency versus energy relation of 
cascade showers produced by the bremsstrahlung accompany- 
ing high-energy u mesons was determined. The same apparatus 
was also used to measure the energy spectra of high-energy 
photons and electrons of cosmic rays at 11 500 feet. 


*Sup . Office of Naval 


Research 


rted in ae by a joint program of The U. 


and the S. Atomic Energy Commission. 
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L11. Coulomb Effect on the Photoproduction of Low-Energy 
Charged Mesons.* J. R. Voss, T. R. PALFREY, AND R. O. 
Haxpy, Purdue University.—Following the method of White,' 
the Purdue 300-Mev electron synchrotron has been used to 
expose some Ilford 600 micron G-5 plates. Thin targets were 
placed in the ~-ray beam and reaction products at 120° 
from the beam were captured in the emulsion. The x~ and x* 
mesons that stopped in the emulsion were counted. The 
Coulomb field of the nucleus might be expected to shift the 
energy of charged mesons as they leave the vicinity of the 
nucleus. Since the photoproduction cross section of » mesons 
strongly increases with energy at low energies, the Coulomb 
shift would manifest itself in an increase in the r~/x* ratio as 
the energy decreases. Experimentally this change has been 
found in the energy range 0-20 Mev for the elements C, Cu, 
Sn, and Pb. The effect is strong, especially for the higher Z 
materials. 

*Work supported in part by contract with U. S. Atomic Energy 
Commission. 


1R. H. White, University of California Radiation Laboratory Report 
1319 (1951). 


L12. Ionization Energy Loss of Mesons in a Sodium Iodide 
Scintillation Crystal.* THEODORE Bowen, University of Chi- 
cago.—The response of a thallium activated sodium iodide 
crystal to high-energy charged particles passing through the 
scintillator has been investigated. x and 4» mesons produced by 
the Chicago 450 Mev cyclotron have been used to cover 
energies ranging from 61 Mev x mesons to 245 Mev uw mesons. 
Sea level cosmic ray « mesons have been used to cover energies 
from 200 Mev to greater than 2 Bev. At each energy, the most 
probable energy loss is determined from the pulse height 
distribution, making use of Po—Be 4.44 Mev y rays for an 
energy calibration, The distributions from cyclotron data 
are found from the density variations on photographs of the 
superposition of many pulses appearing on an oscilloscope. 
Because the cosmic ray counting rate is low, each pulse is 
individually photographed and measured. The results for 
energies below the occurrence of the minimum in ionization 
indicate good agreement with the probable energy loss as 
given by the Bethe-Bloch formula. Beyond the minimum 
the probable loss is in fair agreement with Sternheimer'’s 
calculations' for sodium iodide, rising slightly more rapidly 
than predicted to the Fermi plateau. 

* Supported in part by a joint program of ew Ne S. Office of Naval 


Research and The U. S. Atomic Energy Commissi 
1R. M. Sternheimer, Phys. Rev. 88, 851 (1952); 91, 256 (1953). 


TurspAY MornING AT 10:00 


Physics 170 


(C. L. CRITCHFIELD presiding) 


Invited Papers in Theoretical Physics 


M1. Various Comments on Deuteron-Induced Reactions. W. B. CuEeston, University of Minne- 


sota. (30 min.) 


M2. The S-Operator in Quantum Electrodynamics. J. M. Jaucu, State University of Towa. (30 


min.) 


M3. Formal and Methodological Aspects of Present Quantum Electrodynamics. F. Rowe icn, 


State University of Iowa. (30 min.) 
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TUESDAY AFTERNOON AT 1:45 
Murphy 105 
(H. REtss presiding) 


Gaseous Electronics 


Invited Papers 
(Q1 at beginning of session, Q2 after Q6, Q3 after Q8) 


Ql. Drift Velocities and Mobilities. R. N. VARNEY, Washington University. (25 min.) 
Q2. Microwave Discharges. W. P. ALiis, M.1.7. (25 min.) 
Q3. Atomic Collision Processes in Ionized Gases. M. A. Bionp1, Westinghouse Research Labora- 


tories. (25 min.) 


Contributed Papers 


Q4. Drift Velocities of Argon Ions in Argon at Various 
Temperatures.* E. BEAty AND R. VARNEY, Washington Uni- 
versity.—A microsecond pulsed Townsend type of parallel- 
plate discharge tube has been designed and constructed for 
submerged operation in a regulated temperature bath. The 
leads to the electrodes and a quartz window for admission of 
ultraviolet radiation remain out of the bath during operation 
but are mounted to provide a tube surface area which is not 
at the equilibrium temperature. Limited results have been 
obtained fitting qualitatively with theoretical predictions. 
Extension to a greater range of temperature and of E/p, the 
field-strength-to-pressure ratio will be described. 


* Supported in part by the U. S. Office of Naval Research and by a grant 
from Research Corporation. 


Q5. Mobilities of Various Ions in the Noble Gases. LoRNE 
M. CHANIN AND MANFRED A. Bionp!, Westinghouse Research 
Laboratories.—The recently developed techniques! for measur- 
ing the mobilities of near-thermal ions in gases have been 
extended to studies of ions moving in gas mixtures. The 
measurements provide an experimental test of the validity of 
Blanc’s Law, which states that the mobility wag of an ion 
moving in a mixture of gases A and B is given by 1/uas 
=(fa/ua)+(fe/us), where wa and uz are the mobilities of the 
ion in the pure gases, and fa and fg are the fractional concen- 
trations of the gases. Systematic deviations from Blanc’s Law 
have been observed for Ne*+ moving in helium and neon. In 
addition, measurements have been made of the mobility as a 
function of E/p of such systems as He* in neon and Net in 
helium. In these cases the resonance interaction of charge 
transfer between ion and atom is absent, and the polarization 
interaction is of importance. It is found that in some cases, 
e.g., Het in neon, the experimental values differ widely from 
the predictions of Langevin’s theory.” 


1M. A. Biondi and L. M. Chanin, Phys. Rev. 94, 910 (1954). 
2 P. Langevin, Ann. Chim. phys. 5, 245 (1905); i. R. Hasse and W. R. 
Cook, Phil. Mag. 12, 554 (1931). 


Q6. Corrected Values for the Charge Transfer Cross Sec- 
tion in the Noble Gases. Grecory H. WANNIER, Bell Tele- 
phone Laboratories.—Ziegler published recently! values for 
the ion-atom charge transfer cross section which he had 
obtained by direct measurement. Such cross sections were 
also published by some of us at Bell Laboratories as deduced 
from ion mobility studies. These latter appear high by about 
50 percent. An even bigger discrepancy appears in the predic- 
tions of Sena.? However, Ziegler’s observations show that the 
physical assumption of Sena's theory is closer to the truth 
than the one of the author: namely little or no momentum is 
transferred in most charge transfer collisions. Perusal of 
Sena’s work and correction of an error in the derivation yields 
the usual square root law for the drift velocity with a factor 


(2/m)* instead of 1.147 as published previously by the author.’ 
This yields the following values for the charge transfer cross 
sections of helium, neon, argon, krypton, xenon: 38, 45, 93, 
109, 134X107!6 cm*. The new values are in close numerical 
agreement with the ones of Ziegler in three out of five cases. 
The cause for the remaining discrepancies is not clear. 

! B. Ziegler, Z. Physik, 136, 108 (1953). 


*L,. Sena, J. Phys. U.S.S.R. 10, 179 (1946). 
5G. H. Wannier, Bell System Tech. J. 32, 170 (1953), Eq. (100), 


Q7. Mechanism of the Termination of the Geiger-Plateau 
Region.* HERBERT L. WISER AND A. D. KRUMBEIN, University 
of Maryland.—Experimental investigation of counting rate 
and number of positive ions per pulse versus voltage for 
Geiger counters at the high-voltage end of the plateau leads to 
the belief that spurious counts, and therefore the termination 
of the plateau, can be accounted for by secondary electrons 
created by positive ion bombardment of the cathode and 
metastable atom collisions in the gas. Studies were made on 
counters of different cathode diameters and partial pressures 
of the main gas and of the quenching vapor. The rate of 
spurious counts caused by positive ion bombardment is found 
to be proportional to the rate of positive ions striking the 
cathode, and therefore, to the voltage. The rate of spurious 
counts caused by metastable collisions depends on the number 
of metastables existing after the deadtime of the Geiger tube, 
and therefore is an exponential function of the ratio of the 
deadtime to the metastable half life. Since the deadtime 
decreases with increasing voltage, the rate of spurious counts 
caused by metastable collisions is an exponential function of 
voltage. 


* This work is supported by the Bureau of Ships, U. S. Navy Department. 


Q8. Corona Discharge Current from Aircraft.* SreviLLE 
CHAPMAN, Cornell Aeronautical Laboratory.—In a system for 
maintaining zero electrostatic charge on aircraft where 
electric field meters on the surfaces of the wings control a 
high-voltage corona discharge point behind the tail of the 
aircraft, the primary factors influencing the magnitude of 
blow-away discharge current i are point potential V, aircraft 
speed v, point geometry, and space charge from the already 
discharged current. The fundamental physical effects are 
that V must be large enough to create an electric field vector 
toward the rear to drive the discharge current into the space 
charge behind the point, but since this same V creates a field 
vector forward toward the aircraft skin, the point must be 
disposed so that the wind past the point prevents return 
current to the aircraft. The problem is approached mathemat- 
ically from several points of view, to evaluate constants F, 
G, and H in i=eo(FRV?/l14+GuV+H*/k) where k is the 
mobility and / a length. Currents of a few hundred micro- 
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amperes can be expected when V=100 kilovolts and »=200 
knots. Some data are presented. 
* Supported by the Air Force Cambridge Research Center. 


Q9. Absorption Studies of the Helium Metastable Mole- 
cule. A. V. PHEeLPps, Westinghouse Research Laboratories.— 
Measurements of the lifetime of helium atoms in the triplet 
metastable state (2*5) as a function of the pressure of the 
helium gas' have shown that these metastable atoms are 
destroyed as a result of collisions with the wall of the absorp- 
tion cell and by three-body collisions with neutral helium 
atoms. In order to test the propoval' that these three-body 
collisions result in the formation of a helium molecule in the 
metastable state (2s*2,*+), arrangements were made to 
measure absorption of the 4650A band during the afterglow 
of a pulsed discharge.*? The observed absorption shows that 
metastable molecules are formed as predicted and that the 
natural lifetime of the 2’2,* state is at least 0.005 second. 
These experiments also show that the lifetime of the triplet 
metastable molecule is very sensitive to small concentrations 
of neon (~one part in 10°) present in commercial reagent 
grade helium. 

1A. V. Phelps and J. P. Molnar, Phys. Rev. 89, 1202 (1953). 

2 The 4650 A band is the O-+O band of the 3p*II +254 Z system; see e.g., 
G. H. Dieke and E. S. Robinson, Phys, Rev. 80, 1 (1950), 

Q10. Diffusion of Metastable Mercury Molecules. A. O. 
McCousrey and C. G. MATLAND, Westinghouse Research 
Laboratories.—In studies on the band fluorescence of mercury 
vapor,' diffusion data obtained for metastable diatomic 
mercury molecules, Hg,(#O,~), suggested that the molecules 
may be partially reflected by glass walls; this circumstance 
complicated the evaluation of the diffusion coefficient. In the 
present work, metal walls were substituted for the glass walls. 
The experimental method is that used in previous work, in 
which Hg,(*O,~) molecules are created as a consequence of 
the absorption of 2537A resonance radiation. The time 
variation of the concentration of the molecules is obtained 
during the afterglow by measuring the intensity of band 
radiation. The data obtained with a vessel having nickel 
walls is consistent with the hypothesis that the Hg:(%0,7~) 
molecules are completely destroyed upon diffusing to the 
boundaries. The product of the diffusion coefficient and the 
mercury vapor density obtained from this work is ND =63 
X 107!*(atoms cm?/cc sec). These experiments, which extend 
over a wider density range than heretofore, have also yielded a 
more accurate value for the three-body collision induced 
radiation rate for the Hg:(*O.,~) molecules, i.e., 29 10-* 
X(atom/cc)* sec™!. Further work is in progress to more 
accurately determine the reflection coefficient of the molecules 
at a glass surface. 

' A. O. McCoubrey, Phys. Rev. 93, 1249 (1954). 
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Q11. Excitation by Electron Impact of the Optically For- 
bidden Transition 1'S-+2'S in Helium.* E. N. Lassetrre, 
M. E., Krasnow, AND S. SILVERMAN, The Ohio State University. 
—The electron spectrometer described previously’ has been 
used for the study of the transitions 1'S—+2'P and 1'S—>2!S 
in helium. These transitions are separated in energy (0.6 ev) 
by slightly more than the resolution of the apparatus.Incident 
electrons with kinetic energies of about 500 volts were used. 
Electron impact energy spectra have been obtained for 
scattering angles from 3.8 to 15.3 degrees. Over this angular 
range the relative electronic collision cross sections of the two 
transitions vary in such a way that the optically forbidden 
transition 1'S-—+24S, which is undetectable at the smallest 
angle, becomes almost equal in intensity to the 1'S—»2!P 
transition at 15.3 degrees. Electron impact energy spectra 
showing this variation will be presented. Electronic collision 
cross sections have also been calculated from the data over 
this angular range. At the smaller angles these cross sections 
are subject to considerable error because of the indirect method 
which must be used to separate the contribution of the 
1'S-»2'S transition from the 1!S->2'P transition. 

* The research reported in this paper has been sponsored by the Geo- 
physics Research Directorate of the Air Force Cambridge Research Center, 
Air Research and Development Command 


1 Lassettre, Berman, Silverman, and Krasnow, Bull. Am. Phys. Soc. 29 
No. 4, 47 (1954). 


Q12. The Quenching of Sodium Iodide Fluorescence by 
Various Gases and Vapors.* Howarp G. Hanson, University 
of Minnesota, Duluth Branch.—Experimental data has been 
taken on the quenching of the sodium D line arising from the 
optical dissociation of NaI molecules by ultraviolet light in 
the 2000A to 2500A range. The gases and vapors used were 
hydrogen, carbon dioxide, hydrogen chloride, and water vapor. 
Water vapor shows little quenching action. The quenching 
action of hydrogen and cargon dioxide show slight experi- 
mental dependence on the velocity of the excited sodium 
atoms. The quenching action of hydrogen chloride is the 
greatest and shows an experimental dependence on the 
relative velocity of the excited sodium atoms and the HCl 
molecules. The intensity of the sodium D line as a function of 
wavelength of exciting ultraviolet light has been measured. 
The wavelength for maximum excitation of the sodium D 
line shifts to higher ultraviolet wavelengths with increasing 
temperature of the Nal salt. A grating monochromator was 
used to isolate narrow regions of ultraviolet light from a 
hydrogen discharge lamp. A photomultiplier tube circuit 
measured the intensity of fluorescence. A device to record 
intensity of fluorescence as a function of exciting wavelength 
is described together with other experimental detail. 


* Supported by the U. S. Office of Ordnance Research. 


TUESDAY AFTERNOON AT 2:00 
Physics 170 


(A. VAN DER ZIEL presiding) 


Mainly Semiconductors 


R1. Magnetic Susceptibility of Residual Bisulfate Com- 
pounds of Carbon. H. T. Pinnick, University of Buffalo.— 
The introduction of bisulfate ions between the graphitic layers 
in carbons and graphite results in the formation of excess 
holes in the x band. The magnetic susceptibility of a series of 
bisulfate residue compounds of carbons has been studied at 
room temperature. Compounds with residual ion concentra- 


tions varying from 5X10-* ion/atom to 15X10~* ion/atom 
were prepared from rods of soft carbon heat-treated (H.T.) to 
temperatures ranging from 1600°C to 2800°C. The decrease 
in susceptibility with increasing ion concentration was found 
to be greater for carbons heat-treated to higher temperatures. 
The decrease per 1X10-* ion/atom is about 23 percent for 
2800°C H.T., 18 percent for 2400°C H.T., 14 percent for 
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2000°C H.T., and approximately zero for 1700°C H.T. Since 
the susceptibility of pure carbons reaches the maximum value 
at heat-treatment temperatures of about 2000°C and remains 
constant for higher H.T.' the susceptibility of the bisulfate 
compounds with a given ion concentration reaches a maximum 
at about 2000°C heat-treatment and decreases for higher 
heat-treatment temperatures, leading to the rather unexpected 
result above 2000°C H.T. of a decreasing diamagnetic 
susceptibility for carbon compounds with increase of crystal- 
lite diameters. 


1H. T. Pinnick, Phys. Rev. 94, 319 (1954), 


R2. Magnetoresistance and Planar Hall Effects in N-Type 
Germanium. R. E. Davis AnD CoLMAN GOLDBERG, Westing- 
house Research Laboratories—The magnetoresistance and 
planar Hall! effects have been measured from 77°K to 300°K 
for oriented samples of 13 ohm-cm n-type germanium. The 
magnetoresistance measurements permit calculation of the 
planar Hall effect, and this calculation agrees with actual 
measurement of the latter effect. The data are in qualitative 
agreement with calculations? based upon the assumption that 
the energy surfaces are ellipsoids of revolution about the 
(111) directions in k space.* 

1C. Goldberg, Phys. Rev. 93, 913 (1954); R. E. Davis and C. Goldberg, 
fr et 913 (1954); C. Goldberg and R. E. Davis, Phys. Rev. 94, 


2S. Meiboom and B. Abeles, Phys, Rev. 93, 1121 (1954). 
+ Lax, Zeiger, Dexter, and Rosenblum, Phys. Rev..93, 1418 (1954). 


R3. Resistivity Changes in Silicon Induced by Heat Treat- 
ment. C. S. Futter, J. A. DitzenperGer, N. B. HANNay, 
AND E. BUEHLER, Bell Telephone Laboratories.—Room 
temperature resistivity measurements on a variety of single 
crystals of silicon grown by the Teal-Little method show that 
large changes in resistivity may be induced by heat treatment. 
These appear to be independent of surface impurities and occur 
throughout the volume of the material. At temperatures 
between about 300-700°C many crystal show an increase in 
electron content with time. The rate and magnitude of these 
changes are a maximum at 430-450°C and require between 
1-48 hours for completion. Changes as great as 5X10!* 
electrons cm~* are observed. Smaller increases occur above 
and below this temperature. By heating to temperatures above 
about 500°C these changes are reversed, the original resistivity 
being rapidly obtained above 800°C. The changes in carrier 
content are intimately associated with the crystal growing 
variables. A discussion of these and possible origins of the 
observed effects will be given. 


R4. The Interaction of Traps and Heat Treatments in 
Silicon. N. B. Hannay, J. R. Haynes, AND R. G. SHULMAN, 
Bell Telephone Laboratories.—Shallow and deep trapping 
levels in both n- and p-type silicon have previously been 
observed! at room temperature. Densities of these four traps 
have been measured in crystalline regions which had been 
pulled from the melt under different growth conditions. 
Reproducible measurements of many crystals indicate that 
the trap concentrations after growth are related to the crystal 
growing variables. Trap densities are high in those crystals 
which change resistivity upon heat treatment as discussed 
in the preceding paper. They are one to two orders of mag- 
nitude lower in crystals whose resistivities are not affected by 
heat treatments. Typical values of effective trap concentra- 
tions are 10"/cc in the former regions and 10''/cc in the 
latter. After the crystals have been grown different time- 
temperature cycles drastically alter trap densities. As a result 
of the measurements it is seen that the same conditions which 
give high trap concentrations also give large resistivity 
changes at 450°C. In order to identify the traps the effects of 
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different temperature cycles, high-energy electron bombard- 
ment, dislocations and chemical impurities have been studied. 


1J. R. Haynes and J. A. Hornbeck, Phys. Rev. 90, 152 (1953). 


R5. Impurity Levels in Silicon. F. J. Morin, J. P. Marta, 
R. G. SHULMAN, AND N. B. Hannay, Bell Telephone Labora- 
tories. —Electron energy levels associated with nine different 
impurities and several annealing conditions have been found 
in the forbidden gap of silicon. The levels were located with 
respect to the conduction band edge in n-type silicon and the 
valence band edge in p-type silicon by analysis of carrier 
concentratior data determined from measurement of the Hall 
coefficient as a function of temperature. Energies measured in 
electron volts are as follows: p-type silicon; B, 0.045'; Al, 
0.057; Ga', 0.065; In, 0.16; Au’, 0.39. For n-type silicon; 
P, 0.039; As', 0.049; Sb, 0.039; Li, 0.033; annealed at 475°C 
100 hours,’ 0.033; annealed at 475°C 10 minutes,’ 0.133 and 
0.3. The differences in ionization energies of the Group III 
elements were not expected on the basis of the hole on a 
neutral acceptor moving in a hydrogen-like orbit. Changes of 
lifetime due to these and other chemical impurities will be 
discussed. 

1 E, Burstein et al., J. Phys. Chem. 57, 849 (1953) and private communi- 
cation report similar values from optical absorption. 


2—. A. Taft and F. H. Horn, Phys. Rev, 93, 64 (1954). 
3 Prepared by C. S, Fuller (see preceding paper). 


R6. Hole Trapping Due to Lattice Defects in Germanium. 
R. G. SHuLMAN, W. L. Brown, anv R. C. FLetcuer, Bell 
Telephone Laboratories.—An investigation of n-type ger- 
manium indicates that hole traps are created by high-energy 
electron bombardment at room temperature. Using a tech- 
nique similar to that of Haynes and Hornbeck,' one observes 
the rise and fall of photoconductivity associated with chopped 
light falling on the sample. Trap concentrations were studied 
in several samples having different bombardments. The 
measured concentrations (~10'/cc) agreed with the density 
of bombardment centers to +25 percent. Decay times did 
not change when the surfaces were alternately etched and 
sandblasted. In control samples trap densities were negligible. 
Measurements made from 160°K to 240°K were consistent 
with a capture cross section of ~2X107!® cm’, Decay curves 
were simple exponentials with time constants of 300 usec at 
200°K. The energy of the traps above the valence band can 
be determined from both the temperature dependence and the 
absolute value at any temperature of the decay time constants. 


1J. R. Haynes and J. A. Hornbeck, Phys, Rev. 90, 152 (1953). 


R7. The Absence of Bombardment Annealing in the Elec- 
tron Bombardment of Germanium. R. C. FLETCHER AND 
W. L. Brown, Bell Telephone Laboratories, AnD K. A. WRIGHT, 
M.I.T.—In the bombardment of n-type germanium with 
electrons the rate of change in conductivity with bombardment 
has been found to decrease as the bombardment proceeds. 
Investigation indicates that this nonlinearity cannot be caused 
entirely by thermal annealing nor by the proximity of the 
Fermi level to a bombardment induced energy level. Two 
other possible causes are (1) annealing induced by the presence 
of the high-energy electrons and (2) a nonuniform distribution 
of impurities. We have been able to show experimentally 
that the former is an unlikely explanation. First, if, as we 
would suppose, the rate of annealing is much less dependent 
on the bombardment energy than the rate of creating damage, 
damage created at 3 Mev should anneal out by bombardment 
at 1.5 Mev. No such annealing was observed. Second, with 
enough bombardment a steady state should be reached, 
limiting the maximum amount of damage possible. No such 
saturation was found; nonlinearity was observed at densities 
of bombardment centers as low as 10'* cm™ in a 1 ohm-cm 
sample, but densities as high as 10'* cm™* were achieved 
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without saturation in a 0.003 ohm-cm sample. The most 
plausible source of this nonlinearity seems to be a microscop- 
ically nonuniform distribution of impurities. 


R8. Traps Produced by Electron Bombardment of Ger- 
manium at Low Temperature. W. L. Brown anp R. C. 
FLETCHER, Bell Telephone Laboratories, anD K. A. WriGurt, 
M.1.T.—Minority carrier traps! have been produced in both 
n- and p-type germanium by electron bombardment at 78°K. 
Hole traps are responsible for approximately 3 percent of the 
total change in conductivity produced by 1.5- and 3-Mev 
bombardments of n-type samples (1.4 mho/cm at 300°K). 
At 1.5 Mev in p-type samples (1.6 mho/cm at 300°K) the 
conductivity changes are very small and no traps have been 
observed, but at 2.5 and 3 Mev when the equilibrium conduc- 
tivity changes are comparable to those in n-type, 70-80 
percent of the change is associated with two classes of electron 
traps characterized by different electron capture cross sections. 
The larger cross section is ~10~" cm? at 78°K. The release 
time for electrons for this class of traps is about a minute at 
140°K. A preliminary investigation of its temperature 
dependence indicates a trap depth of about 0.2 ev below the 
conduction band. While minority carrier lifetime is not 
limited by recombination in these traps, the lifetime is 
markedly reduced as the traps are filled with electrons. The 
defects responsible for both classes of electron traps anneal 
out at about 185°K or below. The hole traps in n-type disap- 
pear with annealing at about 140°K. 


1 J. R. Haynes and J. A. Hornbeck, Phys. Rev. 90, 152 (1953). 


R9. Plastic Deformation of Gold-Doped Germanium. C. J. 
GALLAGHER AND A. G. Tweet, General Electric Research 
Laboratory.—The center sections of 7 in. X 7g in. X2 in. rods 
of Ge doped with 210" gold atoms/cm* have been bent! to 
a prescribed radius of curvature on a quartz form at tempera- 
tures between 400°C and 700°C. The rods, which were etched 
and then rinsed in KCN to remove Cu, were supported at the 
ends in an atmosphere of forming gas during bending. The 
resistance at 80°K of the unbent section of a typical rod was 
in the megohm range,? while the average resistance in the 
bent portion was found to be from 10 to 10‘ times smaller. 
Higher conductivity was associated with sharper bending. 
The resistivity of all samples showed considerable variation 
with position, as did the density of slip lines on the surface. 
Since the unbent gold-doped Ge was p-type, the data suggest 
that bending introduces an acceptor level somewhere between 
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the valence band and the lower gold level, which lies 0.15 
ev above the valence band. 


1C, J. Gallagher, Phys. Rev. 88, 721 (1952). 
2W. C, Dunlap, Jr., Phys. Rev. 91, 1282 (1953). 


R10. Action Spectra for the Photoconductivity of Dye Films. 
Joun W. WeicL, The Ohio State University.*—Electrons or 
holes responsible for photoconduction in films of basic dyes’? 
may be optically excited by visible light,? absorbed at any 
wavelength in the main absorption bands of the dyes. Since 
the bands in the solid films appear to correspond to the normal 
singlet-singlet bands of the “isolated’’ molecules in solution, 
one may identify the optical transitions leading to carrier 
excitation with those of the component molecules—a situation 
peculiar to organic photoconductors. This makes it possible 
to apply existing information concerning the spectroscopy and 
photochemistry of the ‘‘isolated’’ dye molecules to phenomena 
characteristic of the solid state. Action spectra of examples 
of xanthene, acridine, cyanine, and triphenylmethane dyes 
will be presented. 

* Work supported by the Charles F. Rottertes Foundation. 

1A. Vartanian, Acta Physicochimica U.R.S.S. 22, 201 (1947). 


ie C. Nelson, J. Chem. Phys. 19, 798 (1951); 20, 1327 (1952). 
tA, Vartanian, J. Phys. Chem, U. R. S.S. 24, 1361 (1950). 


R11. Electron Energy Levels in Ionic Crystals.* E. L. 
JosseM AND L. G. Parratt, Cornell University.—Information 
on the electron energy levels in solids is provided by the 
energy positions, intensities, and shapes of component lines 
in x-ray emission and absorption spectra. The x-ray KB 
emission spectra of chlorine in the alkali chlorides and in 
cuprous chloride have been recorded with a curved crystal 
focusing vacuum spectrometer using a proportional counter 
detector. These lines involve transitions from levels in or near 
the valence band to an inner (K shell) vacancy. The principal 
features of the spectra are: (a) the chlorine K8, line, commonly 
ascribed to the transition valence-band-to-K-vacancy, is 
uniformly too narrow to permit such assignment; (b) the 
intensity of the chlorine 8, and §, lines relative to the Bi 
line varies with the compound. Interpretation of these features 
in terms of the band structure of the crystal and the sharp 
“impurity-type”’ levels! introduced by the inner shell vacancy 
will be discussed. 

* This research was supported by the United States Air Force through 
Command of Scientific Research of the Air Research and Development 


. G. Parratt and E. L. Jossem, Phys. Rev. 84, 362 (1951) and 85, 
mL a 952). 


TUESDAY AFTERNOON AT 2:00 


Physics 150 
(E. P. Ney presiding) 


Invited Papers in Cosmic-Ray Physics 


S1. High-Energy Nuclear and Electromagnetic Interactions. PHyLLIs FREIER, University of Minne- 


sota. (30 min.) 


$2. Alpha-Particles in Primary Cosmic Rays. Naumin Horwitz, University of Minnesota. (30 


min.) 


S3. The Light Elements in Cosmic Rays. LELAND Bout, University of Minnesota. 30 min.) 


S4. Recent Results with S-Particles. 


H. S. Bripce, MIT. (30 min.) 
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TUESDAY AFTERNOON AT 2:00 
Pliysics 133 
(R. G. HERB presiding) 


Various Topics in Nuclear Physics 


Tl. Measurement of Phase Noise in a Pre-Excited Oscil- 
lator System.* LAwrENCE H. Jounston, Norton M. Hin7z, 
AND Harry J. SCHULTE, University of Minnesota.—If multiple, 
independent linear accelerator*cavities are driven by free- 
running oscillators, can they be phased within a few degrees 
by a small, coherent pre-exciting signal? This case is of 
interest for linacs designed for 100 Mev and higher energy. 
Slatert reports +10° probable phase fluctuations from pulse 
to pulse for the MIT electron linac, due to magnetron noise. 
A unique opportunity was recently afforded for such a 
measurement when the first cavity of the Minnesota Linac 
was driven by an interim system of oscillators to give 10-Mev 
protons. (Two more cavities will eventually give 68 Mev.) 
Phase of rf in the cavity was compared to that of a crystal 
CW pre-exciting source (5 percent voltage), the relative phase 
being displayed on an oscilloscope. While relative phase 
drifts (~30°) were observed during a 450-microsecond rf 
pulse, these repeated on 100 successive pulses within +5°, 
and this ‘‘jitter’’ was found to be largely instrumental. We 
conclude that the oscillators built up in constant phase 
relationship to the pre-exciter within less than +5°. 


* Partially supported by the U. S. Atomic Energy Commission. 
t Demos, Kip, and Slater, J. Appl. Phys. 23, 53-65 (1952). 


T2. A 200 Mc Phase Detector.* Epmunp B. TUCKER, 
LAWRENCE H. JOHNSTON, AND DONALD E. YounG,f University 
of Minnesota.—The inter-cavity phasing problem for an 
accelerator consisting of a number of independent high Q 
cavities requires accurate tuning of the individual cavities 
even when amplifiers are used to power the machine. For the 
case of a cavity with a Q of 70 000 a phasing tolerance of +8° 
requires a tuning accuracy of 1 part in 10° The automatic 
frequency control designed for use with the Minnesota linear 
accelerator is similar in principle to that used by Rideout,! 
Pound,? and others for stabilization of microwave oscillators. 
The phase detector used in this system operates at the 
accelerator frequency of 202.5 Ms and consists of distributed 
constant circuits. During stability tests the phase detector 
has shown a drift of less than 1° over.a period of 10 hours. 
The complete system including integrators, amplifiers, servos, 
and tuners has been tested at low power in the first cavity of 
the accelerator with a resulting tuning accuracy of 1 part in 
4X 10°. 


* Partially supported by the U. S. Atomic | Commission. 


t+ Now at General Mills Research Laboratories, Minneapolis, Minnesota. 
1V. C. Ridecut, Proc. Inst. Radio Engrs. 35, 767 (1947). 
?R. V. Pound, Proc. Inst. Radio Engrs. 35, 1405 (1947). 


T3. A ‘Zipper’ Scattering Chamber.* C. J. Cook, Univer- 
sity of Nebraska.—A continuously variable vacuum port has 
been developed. This apparatus is similar to a zipper in that 
it consists of two rubber diaphragms under pressure that form 
a vacuum tight seal along a slot in the wall of a vacuum 
chamber, and a port, or ‘‘zipper foot,” that slides between 
the rubber diaphragms without destroying the vacuum inside 
the chamber. By utilizing this vacuum ‘zipper’ it was 
possible to construct a plane scattering chamber suitable for 
studying the energy and angular spectrum of the secondary 
electrons resulting from ionizing collision of a 20- to 400-kev 
proton and a gas molecule. With this type of scattering 
chamber it is possible to observe the scattered beam contin- 
uously through a laboratory angle of 0 to 150 degrees sym- 
metrically about the incident beam. Another major advantage 
of this type of scattering chamber is that all of the necessary 


detecting apparatus for the scattered particles is conveniently 
placed outside of the small active portion of the scattering 
cell. A detailed description will be given, with slides, of the 
construction and operation of this specific ‘‘zipper’’ scattering 
chamber. 


* This work is being carried out under contract with the U. S. Atomic 
Energy Commission. 


T4. Mass Measurement by Multiple Coulomb Scattering 
on Stopped Particles.* R. G. GLAsser, University of Chicago. 
—Measurements have been made on 100 stopping protons and 
on 20 positive pions produced in the 450-Mev synchro- 
cyclotron of the University of Chicago in order to determine 
the relation between range and scattering. The particles could 
be unambiguously identified. The relationship can be repre- 
sented by a power law 


(| N |) = (18.9 440.1) R-e.wrt0.00( Mt) en =) 


M p. 

where (| N|)a is the absolute average sagitta of successive 
chords, R is the range at the midpoint, M and Mp are, respec- 
tively, the mass of the particle and of the proton, and ¢ is the 
cell length; all lengths are in microns. The formula given 
enables one to compute a constant sagitta (varying cell 
length) measurement scheme for any particle. The use of 
this method allows dependable scattering measurements of 
mass to be made. The mass of an artificially produced negative 
K meson, which Dr. Salant and Dr. Hornbostel of Brookhaven 
National Laboratories kindly provided, was measured as 
1300+ 150 times the electron mass. 


* Supported in part by a joint program of the U. S. Office of Naval 
Research and the U. S. Atomic Energy Commission. 


T5. Comparison of Proton Energy Loss by Integral and 
Differential Experiments. THEODORE JORGENSEN, JR., Univer- 
sity of Nebraska.—The apparatus for range determinations of 
protons in gases! has been modified to determine the ratio of 
(AE/ASX)p (differential experiment) to (AE/AX),» (obtained 
from range measurements) by inserting an additional dia- 
phragm at about 10 percent of the range from the entrance 
diaphragm. The two diaphragms act to form a differential 
stopping cell and the range measurements serve to determine 
the energy lost in the cell. The result of this experiment shows 
that (AE/AX)p and (AE/AX), are essentially equal. This 
checks the agreement between our results and those of the 
differential experiments.’ Results for protons in argon show 
that (AE/AX)p<(SE/AX)r and that AE/AX by the two 
methods cannot be expected to agree for gases in which 
proton scattering is excessive. Details of the experiment and 
results will be presented. 


1 Cook, Jones, and Jorgensen, Phys. Rev. 91, 1417 (1953). 
1S. K. Allison and S. D. Harshaw, Revs. Modern Phys. 25, 798 (1953) 


T6. Low-Energy Pair Production Cross Sections in Scin- 
tillators. Harry I. West, Jr.,* Stanford University.—Using 
the center crystal of a three-crystal scintillation pair spectrom- 
eter! as the pair convertor, we have measured both absolute 
and relative pair cross sections in Nal (Tl) and anthracene for 
Co vy rays (1.173 Mev and 1.333 Mev) and relative pair 
cross sections in Nal (TI) for the y rays of Na™ (1.38 Mev and 
2.76 Mev). The detection efficiency of the spectrometer for 
pairs was measured by coincidence methods using the decay 
properties of Na* (8* followed by a single y ray). The cross 
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sections obtained for carbon (from anthracene) are op(1.33)/ 
op(1.17) =5.204-0.17 and of(1.33) =6.03+0.17 X10 cm’. 
From the Born approximation theory of Hough? we find 6.16 
and 5.97 X 10~** cm, respectively. The cross sections obtained 
for iodine (from NalI(Tl)) are op(2.76/op(1.38) =15.0+0.8, 
op(1.33)/op(1.17)=5.0040.15 and op(1.33) =6.82+0.15 
X10-** cm?. From the Born approximation theory of Hough, 
we get 18.7, 6.16, and 4.68 X10-** cm?, respectively. Experi- 
mental techniques, treatment of data including the brems- 
strahlung and electron escape problem from the pair convertor, 
and comparison of results with theory will be discussed. 


* Now at the Army Chemical Center. 
1 Harry I. West, Jr., and L. G. Mann, Rev. Sci Instr. 25, 129 (1954). 
*P. V. C. Hough, Phys. Rev. 73, 266 (1948). 


T7. Neutron Cross Sections of Light Nuclei.* Cuar.es E. 
PortTER, Brookhaven National Laboratory.—Examination of 
data’? on the neutron total cross sections of light nuclei 
indicates that much of the variation of these cross sections 
can be accounted for by the complex-potential model’ proposed 
for heavy nuclei. An attempt is being made to see to what 
extent this is so and will be reported on. 

*Work carried out under contract with the U. S. Atomic Energy 
Commission, 

1N. Nereson (private communication). 

? Neutron Cross-Section Compilation, U. S. Atomic Energy Commission 


Report AECU-—2040, 1952 and three supplements (unpublished). 
* Feshbach, Porter, and Weisskopf, Phys. Rev. 90, 166 (1953). 


T8. (Abstract withdrawn.) 


T9. Small Angle Scattering of 1-Mev Neutrons by Inter- 
mediate and Heavy Nuclei. S. E. Darpen, W. HAEBERLI, AND 
R. B. WaLton, University of Wisconsin.*—Previous measure- 
ments! on the angular distributions of elastically scattered 
neutrons show qualitative agreement with the complex-well 
scattering model,? but suggest that the predicted values are 
too large at small scattering angles. In an attempt to provide 
a more sensitive check, the previous measurements have been 
extended to smaller angles. Using a ring geometry, differential 
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scattering cross sections for 1-Mev neutrons were measured 
at five angles between 8° and 30° for ten elements. The 
observed cross sections are about ten percent higher than 
values found by extrapolating the previous measurements! to 
smaller angles, but appreciably lower than the predicted 
values’ for heavy elements. 

* Work supported by the U. S. Atomic Energy Commission and the 
Wisconsin Alumni Research Foundation. 

1M. Walt and H. H. Bavschall, Phys. Rev. 93, 1062 (1954). 

* Feshbach, Porter, and Weisskopf, Phys. Rev. 90, 166 (1953) 


*feshbach, Porter, and Weisskopf, Massachusetts Institute ‘of Tech- 
nology Technical Report No. 62 (1953). 


T10. Scattering of Polarized Neutrons from Heavy Nuclei. 
A. OKazak1, R. L. BECKER, AND H. H. BARSCHALL, University 
of Wisconsin.*—Experiments to determine the polarization of 
neutrons scattered by intermediate and heavy elements have 
been continued. As in previous measurements! 380-kev 
neutrons from the Li’(p,n) reaction emitted at 50° in the 
laboratory system were scattered through 90° from cylindrical 
samples, and the left-right asymmetry was observed. Seven- 
teen elements from Cu to U were investigated. Elements 
between Nb and Sn showed appreciable asymmetries in one 
direction, while a slight asymmetry in the opposite direction 
was found for the heaviest elements in qualitative agreement 
with previous measurements.' An attempt was made to deduce 
the polarizations produced in the scattering from the inter- 
mediate and heavy elements by measuring the polarization 
of the incident Li(p,) neutrons. For this purpose the 435-kev 
neutron resonance in oxygen was used. The results are so 
far not entirely consistent with the assumed parameters of 
the O'" level so that polarizations cannot be deduced with 
certainty. 

*Work supported by the U. S. Atomic Energy Commission and the 


Wisconsin Alumni Research Foundation. 
1 Darden, Fields, and Adair, Phys. Rev. 93, 931 (1954). 


T11. Gas Recoil Fast Neutron Spectrometer.* R. E. BENEN- 
son, M. B. SHURMAN, AND W. HAEBERLI, University of 
Wisconsin.—A gas recoil neutron spectrometer similar in 
operation and geometry to that described by Giles' has been 
constructed and tested with monoenergetic neutrons from 
0.68 to 5.1 Mev, using fillings of palladium-filtered Hz and 
99.9 percent pure tank propane. The number of wires in the 
transparent cathode and anticoincidence anodes has been 
increased over the number used by Giles; end effect anticoin- 
cidences are employed; and clean vacuum techniques to 
eliminate electron capture by electronegative impurities have 
been used. The width of the peak and peak-to-background 
ratio are markedly ‘dependent on the proton recoil range 
chosen. Widths of the peak at half-maximum of 10 percent 
have been attained. Efficiencies of the order of 107* are 
obtained for the pressures and ranges employed. In the most 
favorable case the average background was reduced to 5 
percent of the peak height; 10 percent is considered to be 
compatible with good efficiency. The anticoincidence voltage 
is independently variable; multiplications of the order of 104 
are required in the anticoincidence counters for good gating. 
Nuclear reactions are being studied. 

* Work supported by the Wisconsin Alumni Research Foundation and 


the U. S. Atomic th Commission. 
1R. Giles, Rev. Sci. Instr. 24, 986 (1953). 


TUESDAY EVENING AT 7:00 


Junior Ballroom, Coffman Memorial Union 


(MarsH W. WHITE presiding) 


Banquet of the AAPT and the American Physical Society 


After-dinner speakers: R. M. Sutton and E. W. Davis. 
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WEDNESDAY MORNING COMMENCING AT 4:30 
Total Eclipse of the Sun 


WEDNESDAY MORNING AT 10:30 
Murphy 105 


(R. L. SpROULL presiding) 


Electron Emission and Ejection Phenomena, I. 


Invited Paper 


U1. On the Escape Mechanism for Secondary Electrons. A. J. DEKKER, University of Minnesota. 


(25 min.) 


Contributed Papers 


U2. Methods of Preparing Thin Film MgO Secondary 
Emission Surfaces on Ag-Mg Alloys.* PETER WarGo, Univer- 
sity of Minnesota.—Many procedures have been described 
for the preparation of thin film secondary emission surfaces 
of MgO. Variations in these procedures give rise to widely 
varying results. Two simple procedures will be described which 
result in consistent maximum values of 6 of approximately 
12 at a primary energy near 500 volts. The simpler method 
using a low pressure of oxygen is particularly suited to cases 
where the targets are prepared in one vessel and transferred 
to a second for application. Some of the problems encountered 
in this transfer process will be discussed. The second method 
using a CO, atmosphere is particularly suited to situations 
where the targets can be processed in the final site. 


* Supported by the U. S. Signal Corps. 


U3. Inelastic Scattering of Medium-Fast Electrons in 
Alkali Metals.* E. M. Baroopy, Battelle Memorial Institute.— 
Earlier calculations! concerning the excitation of valence 
electrons to the next Brillouin zone by medium-fast primaries 
have been extended. Using the approximation of nearly free 
electrons, explicit expressions for the number of interzonal 
transitions per unit primary path and for the distribution in 
energy of the transitions have been obtained and applied to 
several alkalis. For these metals, a similar method has been 
used in the past to account for the absorption of visible and 
ultraviolet light; and for sodium, potassium, and rubidium, 
Butcher* has chosen Fourier coefficients of the lattice potential 
which give adequate agreement with the limited experimental 
data. When Butcher's coefficients are introduced into our 
equations, interzonal transitions are found to be infrequent, 
only two or three being predicted per 1000A when the primary 
energy is 1000 ev. This supports the view that the interzonal 
transitions emphasized in the Fréhlich-Wooldridge theory 
of secondary emission from metals are actually of minor 
importance. 

* Sponsored by the U. S. Army Signal i and the U. S. Air Force. 


1 E,. M. Baroody, Phys. Rev. 89, 910 (15 
2P. N. Butcher, Proc. Phys. Soc. (London) A64, 765 (1951). 


U4. Work Functions of Tungsten Single Crystal Planes.* 
Erwin W. MULLER, Pennsylvania State University.—Electron 
emission from the 110 plane has been measured as a spurious 
effect only. The method of a field emission microscope with 
a probe hole in the screen and behind it a suppressor and a 
collector* has been improved. The current density in the 110 
plane was found to be 4 to 5 orders of magnitude smaller than 
in the strongly emitting planes. Applying the Fowler-Nord- 
heim theory and assuming ¢1::=4.38 ev according to,’ one 


finds $119 between 5.80 and 6.15 ev, depending on the tempera- 
ture at which the crystal has been annealed previously 
(2500°K and 1200°K, respectively, vacuum 10-" mm). The 
same effect at the 112 plane yields work functions between 4.80 
and 5.05 ev. It is caused by freezing in the thermal imperfec- 
tions. The data of all strongly emitting planes agree with those 
obtained by thermionic methods. 

* Work supported by U. S. Office of Scientific Research, U. 
search and Development Command, Baltimore, Maryland. 

1M. H. Nichols and G. F. Smith: U. S. Office of Naval Research Report 

No. 24433 (1952). 


2W. P. Dyke and co-workers: J. Appl. Phys. 25, 106 (1954). 
4 E. W. Miiller, Z. Physik 120, 261 (1943). 


. Air Re- 


US. Noise Mechanisms in Oxide-Coated Cathodes.* A. vAN 
DER ZIEL, University of Minnesota.—Order of magnitude 
considerations will be applied to discriminate between various 
noise mechanisms that might be proposed to explain flicker 
noise in vacuum tubes. It will be shown that noise due to 
fluctuations in number of adsorbed atoms or noise due to 
fluctuations in the number of donor atoms in the coating 
cannot account for the observed noise, but that either 
Schottky’s emission center theory or the spontaneous fluctua- 
tions in the number of carriers in the surface layer may explain 
the experimental results. 


* Work supported by the U. S. Signal Corps. 


U6. Influence of Different Activating Agents on Flicker 
Noise in Oxide-Coated Cathodes.* W. W. LinpEMANN, Uni- 
versity of Minnesota.—A series of experiments to determine 
the differences in the flicker noise characteristics of tubes 
with different types of cathode nickel alloys will be discussed. 
Of the alloys used (Inco 220, Inco 225, 0.1 percent Al, 0.4 
percent W, and 499 nickel). 0.1 percent Al nickel consistently 
gave the least noisy tubes. Some observations of other char- 
acteristics of the various cathode nickel alloys which might 
suggest an explanation of these results will also be given. 


* Supported by U. S. Signal Corps Contract. 


U7. Influence of Tube Structure and Tube Operating Con- 
ditions Upon Flicker Noise.* H. J. HANNAM, University of 
Minnesola.—To show how the amount of flicker noise gen- 
erated in vacuum tubes depends upon the tube structure, a 
comparison will be made of the noise generated in a triode and 
the noise generated in the same tube in diode connection. To 
show the influence of operating conditions, measurement will 
be presented of flicker noise in triodes and pentodes as a 
function of the applied voltages. A discussion of possible 
causes of effects will be given. 


* Work supported by the U. S. Signal Corps. 





SESSIONS V AND W 


WEDNESDAY MORNING AT 10:00 


Physics 150 


(J. H. WrLLiaMs presiding) 


Invited Papers on Nuclear Accelerators 


Vi. Recent Cyclotron Experiments at Harvard University. N. F. Ramsey, Harvard University. 


(30 min.) 


V2. Recent Progress in Electrostatic-Generator Techniques. R. G. Hers, University of Wisconsin. 


(30 min.) 


V3. Preliminary Operation of the Bevatron. E. J. LorGren, University of California, Berkeley. 


(30 min.) 


V4. Research with the Cosmotron. LyLe W. Smit, Brookhaven National Laboratory. (30 min.) 


WEDNESDAY MORNING AT 10:00 


Physics 170 


(J. VALASEK presiding) 


General Physics 


WI. Preliminary Description and Analysis of the Spectrum 
of Polonium. G. W. Caries, D. J. Hunt, G. PisH, AND 
D. L. Timma, Mound Laboratory.*—Purified polonium has 
been excited by both high-frequency electrodeless discharges 
of 10, 30, and 400 megacycles/sec at temperatures ranging 
from 200° to 800°C, and in an enclosed spark source. One 
hundred forty-seven lines have been found in the spectrum 
from the electrodeless discharge and thirteen additional lines 
have been observed in the spectrum of the spark discharge. 
Forty-eight lines have been classified as transitions involving 
twenty-four energy levels of Pol. Four levels of the fundamen- 
tal configuration 6p* have been identified. The observations 
have been compared with theoretical predictions for this 
configuration. Separations are well represented by theory 
with the parameter F,;=1112 cm™ and ¢=12393 cm™. 
The absolute value of the lowest level 6p'*P,' has been 
estimated from the first two members of the series 6p°(*.S°) 
ns using the method of Russell. An estimate of 67 990 cm™ is 
obtained. This corresponds to an ionization potential of 
8.43 volts. 


*O ted by Monsanto Chemical Company for the United States 
Atomic Energy Commission. 


W2. Thomas-Fermi Calculation of the C—H Bond Moment 
in Methane.* H. GLazer anv H. Retss,t Boston University.— 
The pyramids formed by the planes bisecting the H—C—H 
bond angles were taken as elements of symmetry. Each 
pyramid encloses a carbon-hydrogen bond and the four close 
pack to form the methane molecule. To simplify the problem, 
the pyramid was replaced by a cone of equal volume. The 
Fermi-Thomas equation was solved for the potential within 
this cone subject to the appropriate boundary conditions, on 
the IBM 701 Electronic Data Processing Machines, using the 
extrapolated Liebmann method. Boundaries were chosen 
about each nucleus on which the superposition solution 
was used. The equation was solved for carbon alone and then 
for carbon-hydrogen within the cone. The dipole moment 
was taken as the difference! between the two and found to 


be 2.8 DC+H-. The large magnitude is attributed to the 
poor description of hydrogen by the statistical theory. 

* Supported by the Geophysics Research Directorate, Air Force Cam- 
bridge Research Center. 

+ Present address: Bell Telephone Laboratories. 

1C. A. Coulson, Conference on Quantum Mechanical Methods in Valence 
Theory, Long Island, New York, September, 1951, p. 19. 


W3. The Shape of the Coexistence Curve of Two-Phase 
Systems Near the Critical Point.* O. K. Rice, University of 
North Carolina.—The data of Atack and Rice! on the co- 
existence curve of the cyclohexane-aniline system and on the 
densities of the coexisting phases have been correlated, and 
the conclusion confirmed that the coexistence curve has a 
flat top (i.e., a range of critical compositions). The data on 
the liquid-vapor equilibrium in two one-component systems, 
xenon? and carbon dioxide,’ have also been examined. Although 
the authors of these papers believe that the coexistence curves 
are rounded on top, it is shown that the data are not conclusive 
on this point. In the case of carbon dioxide, in particular, the 
evidence may indicate a flat horizontal portion at the top of 
the coexistence curve. Certain thermodynamic relations 
between the shape of the coexistence curve and the shape of 
the critical isotherm have been worked out and applied to the 
available data. 


* Supported by U. S. Office of Naval Research. 

1D, Attack and O, K. Rice, J. Chem. Phys. 22, 382 (1954). 

1H. W. Habgood and W. G. Schneider, Can. J. Chem. 32, 98 (1954). 
+H. L. Lorentzen, Acta Chem. Scand. 7, 1335 (1953). 


W4. Kinetics of Phase Transitions for Systems Undergoing 
Association: Monomer-Dimer Equilibrium. Howarp Sats- 
BURG, Air Force Cambridge Research Center, AND HOWARD 
Reiss, Bell Telephone Laboratories —The kinetics of nucle- 
ation of a system in which the metastable phase contains 
an equilibrium mixture of monomer and dimer has been form- 
ulated in terms of the vector model of Reiss.' The results 
will be contrasted with the result of the recent formulation 
of Frisch and Willis? and, in particular, the distinction 
between the perturbing effects of collisions between embryos 
of size two and nucleation in a system in which dimers are 
present will be made. Numerical results will be presented 
for ethanol vapor nucleation assuming various ratios of 
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monomer to dimer in the vapor phase. In contrast to the result 
predicted by Frisch and Willis, the nucleation rate falls off 
quite sharply with increasing amounts of dimer. The failure 
of the simple Becker-Doring theory to predict the observed 
critical supersaturation for methanol vapor will be considered 
in the light of this analysis. 


1H. Reiss, J. Chem. Phys. 18, 840 (1950). 
2H. Frisch and C. Willis, J. Chem. Phys. 22, 243 (1954). 


WS. The Excitation of Molecular Vibrations in Halogen- 
Substituted Methanes. Tuomas RossinG AND SAM LEGVOLD, 
Iowa State College.*—The relaxation times for the excitation 
of molecular vibrations in CH,CIF, CHCIL,F, CHCIF2, CBr.F2, 
CBrCIF2, CCI;F, CCl.F2, CCIF;, CH2F2, CHsBr, and CH;Cl 
have been measured with an acoustic interferometer. All the 
gases studied were found to have a single relaxation time, 
indicating that intermodal coupling in these gases is strong. 
The average probabilities for the excitation of molecular 
vibrations have been calculated from the relaxation data and 
examined on the basis of existing theory. Preliminary calcula- 
tions show that an energy barrier type of theory recently 
suggested! describes the probability better than the theory of 
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Bethe and Teller? The height of the barrier is found to 
depend upon the energy of the lowest mode and upon the 
number of hydrogen atoms replaced. 

* Work supported by the National Advisory Committee for Aeronautics. 


1 Fogg, Hanks, and Lambert, Proc. Roy. Soc. (London) A210, 490 (1953) 
? Bethe and Teller, Report X-117, Aberdeen Proving Grounds. 


W6. Evaporation of Small Drops at Low Pressures. Louis 
Moncuick, Boston University, AND Howarp Retss, Bell 
Telephone Laboratories—The rates of evaporation of small 
drops of diamyl sebacate (average radius, approximately one 
micron) were measured in a Millikan oil-drop chamber and 
observed to obey a law of the form dR/dt=a/(1+bRp) 
which has been predicted by the theories of Fuchs and 
Frisch and Collins. Using a nonequilibrium distribution 
function of velocities, the relation has been rederived in a more 
rigorous fashion (over a limited range of conditions). Certain 
corrections in the constants a and 6 are introduced, and the 
validity of the Fuchs theory in this range of conditions is 
demonstrated. Using the formulation of Frisch and Collins, 
the law may be derived in the same form, subject to certain 
conditions. 


Post-Deadline Papers, if Any 


WEDNESDAY AFTERNOON AT 1:30 
Murphy 105 
(G. E. Moore presiding) 


Electron Emission and Ejection Phenomena, II 


Invited Papers 
X1. Experiments Bearing on the Mobile-Donor Hypothesis in Oxide Cathodes. L. S. NERGAARD, 


Radio Corporation of America. (25 min.) 


X2. Elementary Processes in Semiconductor Emitters. J. A. KRUMHANSL, JR., Cornell University. 


(25 min.) 


Contributed Papers 


X3. Electronic Structure of Magnesium Oxide.* J. R. 
STEVENSON,ft University of Missouri.—Measurements are 
reported on the thermionic emission, photoelectric emission, 
and optical absorption of MgO in different physical forms. 
Samples include single crystals, powders, and thin films. 
For six powdered samples studied in the temperature range 
1300°K to 900°K the true work function @ was 3.3+0.2 ev 
and d¢/dT was about 10~ ev/°K. For a single crystal the 
value of ¢ of 3.5 ev was obtained in the same temperature 
range. dp/dT was also about 1074 ev/°K. The thresholds for 
photoelectric emission, as determined by linear extrapolation 
to zero current, were approximately 3.5 ev for powdered 
samples and single crystals. However, the quantum efficiencies 
of the powdered samples at 4.9 ev were a factor of 10° larger 
than for the single crystal. Photoelectric emission from metals 
into single crystals of MgO indicate an electron affinity for 
MgO of 1.8+0.5 ev. Two new optical absorption bands have 
been detected at 1.2 and 1.8 ev. These bands are enhanced 
by oxygen doping and x-ray irradiation. 


* Supported in part by the U. S. Office’of Naval Research. 
t Sylvania Fellow (1951-1953). 


X4. Measurement and Theoretical Study of the Conduc- 
tivity and Hall Effect in the Oxide Cathode. R. Forman, 
National Bureau of Standards, University of Maryland.— 


Conductivity, Hall effect, and magnetoresistive measure- 
ments have been made on oxide cathodes having varying 
degrees of porosity. Anomalous effects at high temperatures, 
previously reported,'* have been confirmed. These are (1) 
large Hall coefficients, (2) large values for mobility, and (3) 
large magnetoresistive effects. The temperature at which these 
measurements were made has been extended down to 500°K 
by the use of an electrometer instead of the usual potentiome- 
tric techniques. In the temperature range below 700°K the 
mobility was found to decrease rapidly with decreasing 
temperature. The variation of resistance with magnetic field 
was found to be dependent on the degree of porosity of the 
cathodes. These experimental results and others, which will 
be discussed, are consistent with the model originally suggested 
by Loosjes and Vink® to explain the electrical properties of 
the oxide cathode. A theory has been developed, based on 
the high-temperature pore conductivity model, which is in 
qualitative and quantitative agreement with the data. 
1D. A, Wright, Brit. J. Appl. Phys. 1, 150 (1950). 


1 Ishikawa, Sats, Okumura, and Sasaki, Phys. Rev. 84, 371 (1951). 
* R. Loosjes, and H. J. Vink, PhilipsjResearch Repts. 4, 449 (1949). 


X5. Reaction between BaO and C and BaO and Si. MicHazL 
Hocu, AntHony J. LAMANTIA, AND Herrick L. JOHNSTON, 
The Ohio State University.—The reactions BaO+C-—Ba 
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+CO(1) and 4Ba0+Si-BaSiO,+2Ba(2) were studied by 
the Knudsen effusion method between 1290°-1390°K and 
1280°-1600°K, respectively. In reaction (1) the measured 
partial pressure of CO agrees well with calculated values, 
whereas the Ba pressure is much lower. In reaction (2), the 
partial pressure of Ba corresponded to the calculated value. 
These measurements indicate a strong adsorption of Ba on 
BaO, which, however, is not enough to explain the long life 
of the oxide cathode. 


X6. Measurement of Excess Ba in Emitting Oxide-Coated 
Cathodes. L. A. Wooren,* Grorce E. Moore, anp W. G. 
GULDNER.—More than 300 cathodes of various structures 
were tested thermionically throughout lifetimes up to 50 000 
hr and submitted to a destructive chemical analysis which 
exposed the cathode to water vapor and measured the H, 
liberated by reoxidation of excess Ba. Measurable sensitivity 
was 0.02 microgram. We discuss typical tests illustrating 
potentialities and limitations of the analytical method. 
Relatively large quantities of readily available Ba (as on glass 
surfaces) react completely within 15 min at ambient. Because 
nearly all Ba produced leaves the oxide coating in practical 
cathodes, measurements significant for correlation with therm- 
ionic emission require isolation of the cathode. Both nickel 
itself and its impurities can, under suitable circumstances, 
react with water to produce H,, but the rates of these side 
reactions become insignificant through interfaces formed in 
the processing of practical cathodes. For an isolated cathode, 
H, forms in amounts approximately linear in the logarithm 
of exposure time. To avoid side reactions, the H, evolved upon 
16 hours’ exposure to water vapor is taken to measure Ba 
content; relative Ba content of different cathodes is usually 
not altered significantly by using any exposure time from 1 
min to 65 hr. 


* Deceased. 


X7. Excess Ba Content of Emitting Oxide-Coated Cathodes. 
GEorGE E. Moore, L. A. Wooren,* anp JAMES MorRISON.— 
Measurements were made of excess Ba content and emission 
for 125 coated equipotential cathodes, and 15 coated filaments, 
each isolated from its experimental tube. Similar measure- 
ments of equivalent Ba were made for 19 uncoated cathode 
sleeves. Support metals were grade A nickel, relatively pure 
Ni, and purified platinum. Coating composition was usually 
35 mole percent BaO, 65 mole percent SrO, but pure BaO and 
pure SrO were also examined. Results cover 5 orders of 
magnitude in both Ba content and emission. Throughout this 
range, there was no indication of increased emission with 
increase in Ba content. Deposited Ba in excess of 0.05 layer 
decreased emission and re-evaporated above 600°K within 
5 min; production of Ba by exposure to methane usually 
decreased emission but such Ba was stable even above 1100°K. 
Median Ba content for demounted filaments prepared com- 
mercially was 0.9010!" atoms per cc, equivalent to only 
0.005 monolayer on the true oxide surface but sufficient for 
emission according to the semiconductor model for oxide 
cathodes. However, absence of correlation between emission 
and Ba content indicates that other factors are decisive. 
For example, emission observed from coated platinum was 
significantly less than from coated nickel, regardless of Ba 
content. 


* Deceased, 


X8. Applications of Radioactive Tracer Techniques to the 
Study of Thermionic Emission of Oxide-Coated Cathodes.* 
R. W. Peterson, D. E. ANDERSON, AND W. G. SHEPHERD, 
University of Minnesota.—Studies of the evolution of Sr and 
Ba from oxide-coated cathodes using radioactive isotopes 
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have indicated that for the normal range of operating tempera- 
tures the rate of Ba evolution differs only slightly from that 
to be expected from the evaporation of BaO. On the other 
hand, the evolution of Sr is orders of magnitude larger than 
would be expected from the simple evaporation of SrO, 
suggesting that the Sr is evolved principally by the reduction 
of SrO. This suggests that the evolution of Sr should serve as 
7 measure of the reduction rate of the oxide coating. Studies 
will be reported which have been concerned with determining 
whether a correlation exists between the thermionic emission 
and the rate of reduction of the oxide coating. 


* Supported by the U. S, Navy. 


X9. Solute Diffusion in Nickel.* R. A. Swain AND A. E. 
Martin, University of Minnesota.—Diffusion studies of 
manganese, aluminum, and titanium in nickel have been 
made as part of a general program of investigation of solute 
diffusion in nickel. A diffusion couple method embodying low 
concentration changes was used and diffusion coefficients were 
calculated by the Grube method. Special spectrophotometric 
methods of analysis were adapted for each element. Diffusion 
coefficient measurements were made in the temperature range 
of 1100 to 1300°C with the following results: 


Solute Do(cm?/sec) 
Mn 7.50 
Al 1.87 
Ti 0.86 


AH (keal/g-atom) 

67.1 

64.0 

61.4 
The values of the activation enthalpies approximate that for 
self-diffusion of nickel in agreement with Nowick's hypothesis.! 


* Supported by U. S. Navy. 
1A. S. Nowick, J. Appl. Phys. 22, 1182 (1951). 


X10. Diffusion of Tungsten in Nickel. H. W. ALLISON AND 
GrorGE E. Moore, Bell Telephone Laboratories, Inc.—Diftu- 
sion of radioactive tungsten in nickel has been measured over 
a temperature range 1100°C to 1400°C by using a sectioning 
technique. The couples used were of three types, (1) radio- 
active tungsten powder in contact with nickel, (2) tungsten 
deposited by evaporation onto nickel, (3) 4.9 percent W—Ni 
alloy in contact with nickel. Values of D, computed assuming 
D independent of concentration, agree within experimental 
error for all three types of couples. These D values fit an 
equation D=Ae~®/*T, and are representative of combined 
volume and grain boundary diffusion through nickel with 
grain size ranging from 0.2 mm to 7 mm. Radioautographs 
indicate that grain boundary diffusion may be appreciable in 
polycrystalline nickel. Rates of reaction of SrO coating with 
tungsten diffusion to the surface of a 4.9 percent W—Ni 
alloy were determined for a temperature range 1200°-1540°K 
by use of the hydrogen evolution technique. The measured 
rates indicate that the reaction of the initial 10 percent of 
the coating is not limited by diffusion of the tungsten through 
the nickel. 


X11. An Oxide Impregnated Nickel Matrix Cathode. W. 
Batas, J. Dempsey, anD E. F. Rexer, Honeywell Research 
Center.—A new cathode is described consisting of an oxide- 
impregnated nickel matrix. A sintered nickel matrix of 
controllable porosity is prepared and impregnated with 
solutions, which precipitates a mixed carbonate within the 
matrix. The resulting cathode is a dispenser type with a 
minimum of surface coating. The cathodes can be activated 
by schedules which approximate those of a normal oxide- 
coated. Pulse-emission tests of these cathodes show properties 
intermediate between the oxide-coated cathode and the L 
cathode, and of the same order as the molded cathode described 
by McNair, Lynch, and Hannay. 
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MINUTES OF THE PaciFIC NORTHWEST MEETING, HELD AT SEATTLE, WASHINGTON, AND ON 
Mount PAINTER, JULY 7, 8, 9, AND 10, 1954 


(Corresponding to Bulletin of the American Physical Society, Volume 29, No. 6) 


HE 1954 Summer Meeting of the American 

Physical Society was held at Seattle on the 
Campus of the University of Washington, on Wed- 
nesday, Thursday, and Friday, July 7, 8, and 9, 
and on Mount Rainier on Saturday, July 10. The 
meeting was very well attended and the local ar- 
rangements were excellent. The Secretary wishes to 
thank Professor E. A. Uehling and his local com- 
mittee for their part in the planning of the meeting 
and in making these fine arrangements. The ses- 
sions arranged by our Division of Fluid Dynamics 
were its first in the Pacific Northwest, and they were 
excellent and well-attended sessions. Post-deadline 
papers were given by K. Krishnamurty of the 
California Institute of Technology on ‘Production 
of Sound at Cut-Outs on an Aerodynamic Surface” ; 
by E. Segré, R. Tripp, C. Wiegard, and T. Ypsilantis 
of the University of California, Berkeley, on ‘‘De- 
polarization on Scattering of Polarized Protons 
from Hydrogen”; and by M. Schein, D. M. Haskin, 


and R. G. Glasser of the University of Chicago on 
“Narrow Beam of Pure Photons Probably Arising 
from the Annihilation of a High Energy Cosmic 
Ray Particle Close to the Top of the Atmosphere.” 
Papers F14 and L14 were ready by title. 

The demonstration cruise of the 7MCS Cedar- 
wood, the research ship of the Royal Canadian 
Navy, an outdoor salmon barbecue, and the lunch- 
eon of the Society, combined with the relatively 
leisurely tempo of the meeting, made this one of the 
most enjoyable ones of recent years. 

J. Kapvan, Local Secretary 
for the Pacific Coast 


Errata Pertaining to Papers I12 and N3 


112, by S. A. Heiberg. In the next to the last line, 30 milli- 
barns should read 10 millibarns. 

N3, by B. H. Muller and Myer Bloom. In line 9, 4.3 A 
should read 4.2 A. In line 10, 2.27 A should read 2.19 A. 





PROGRAMME 


WEDNESDAY MORNING AT 9:30 


Guggenheim Hall 


(R. T. ELtickson. presiding) 


Contributed Papers 


Al. Adiabatic Theorems in Field Theory. S. DersEr,* 
Institute for Advanced Study.—The effect of a particle in the 
limit of infinite mass is investigated field theoretically. Using 
a technique expressing the relevant exact propagation functions 
as functional integrals, the desired limiting process need only 
be performed on a simple propagator for one particle in an 
external field to get the result for the exact functions. By com- 
paring the resultant propagator for m particles of which m 
become infinitely heavy with that for n-m particles in an 
external field, it is shown that the heavy particles act as point 
sources of static fields determined by the nature of the inter- 
mediate particles (maxwell, scalar meson, etc.) and the usual 
vacuum polarization effects due to virtual pairs of any lighter 
fields. In the case of mesons with no nonrelativistic limit, as 
ps (ps), the situation is more complicated. By means of a Foldy 
transformation and absorption of the mass into the coupling 
constant, a nonzero resultant potential may be obtained. 
Weak and strong coupling limits thereof will be discussed. 
Further applications of the functional technique are in progress. 


* On summer leave at University of California, Berkeley. 


A2. Critical Flow Rate and Zero Entropy of Helium Super- 
fluid. WiLt1aAM Bann, State College of Washington.—A Bose- 
Einstein assembly with nondegenerate energy spectrum has 
only one symmetrized wave function for any distribution-in- 
energy: the entropy is therefore absolutely zero at all tempera- 
tures. The Heisenberg uncertainty relation may blur the energy 
levels until they overlap each other, validate the usual approxi- 
mations, and produce entropy. This mechanism may fail in 
liquid helium superfluid. B. E. statistical fluctuations into the 
lowest states may be localized with linear dimensions L, 
energy levels spaced roughly h?/8rm*L?, where m* is effective 
mass required to give the observed lambda transition tempera- 
ture: m*=1.55my,.. The fluctuation life time 7 is long enough 
to keep the levels distinct and destroy entropy if rh/8rm*L? 
>1. Assuming + given by thermal conductivity relaxation 
times,! ru,2=0.05 cm*/sec at 2°K, where u, is the speed of 
transport of superfluid. Substitution yields u,L = 10~* cm*/sec. 
The fluctuations can therefore be fed into a capillary of width 
3X 10-5 cm at a speed 30 cm/sec, all entropy filtered out. A 
higher speed would force shorter relaxation time, broaden the 
energy levels and restore normal entropy in the capillary. 


1L, Meyer and W. Band, Phys. Rev. 74, 394 (1948). 


A3. Electrohydrodynamics. I. Equilibrium of a Charged 
Gas in a Container. JoserH B. KELLER, Mathematics Branch, 
Department of the Navy, Washington 25, D. C.—Since phe- 
nomena involving the equilibrium or motion of fluids in which 
magnetic forces are important are called magnetohydrody- 
namic phenomena, it seems appropriate to designate as electro- 
hydrodynamics that class of phenomena in which the equilib- 
rium or motion of a fluid is involved and in which electric forces 
are important. A typical phenomenon of this type is the equilib- 
rium of a charged gas within a container. In this example, 
equilibrium is achieved when electrostatic and pressure forces 
balance each other. It is, therefore, necessary to determine the 
pressure p, the electric field Z, and the electric charge density 
p, in order to solve this problem. These quantities satisfy the 


equilibrium equation and Poisson’s equation which are 
Vp=pE, V-E=4np. Furthermore, according to the equation 
of state, p is a function of the mass density which is assumed 
to be (m/e)p, where m/e is the mass-charge ratio of the charged 
particles constituting the gas. Thus, p=p[(m/e)p]. For a 
perfect gas in which p is proporitonal to p, both p and E can be 
eliminated from the preceding equations leading to the follow- 
ing equation for g which is essentially loge: V¢¢ = e?. In addition 
to the preceding equations, the total charge within the con- 
tainer must be specified, and if the container is a perfect 
conductor, the tangential component of electric field must be 
required to vanish on its surface. It is shown that for every 
value of the total charge there is one and only one solution of 
the preceding equations, satisfying the conditions just stated. 
The density and pressure are both constant on the surface of 
the container for each value of the total charge and |p| 
assumes its maximum value on this surface. Furthermore, at 
each point of the container p increases as the total charge does. 


A4. Oscillation and Stability in Certain Nonlinear Sys- 
tems. WILLIAM M. Wuysurn, University of North Carolina 
and U. S. Naval Ordnance Test Station (introduced by J. 
Kaplan).—A simple pendulum is an elementary example of a 
nonlinear system which oscillates and is stable in the sense that 
amplitudes remain bounded for all time. This system is a 
special case of a class of nonlinear systems discussed in the 
present paper. Conditions are given under which solutions of 
such systems oscillate and are stable. Under other conditions, 
the solutions are shown to be unstable. Special consideration 
is given to the second order differential system y’ = K (t,y,z)z, 
2'=G(t,y,z)y and principal results are stated for this system. 
Some reference is made to nth order systems where conditions 
of uniqueness fail and solutions of critical types exist. 


AS. A Semiautomatic Apparatus for Thermocouple Com- 
parison and Calibration. T. M. Daupniner, National Research 
Council, Ottawa.—Several thermocouples are continuously 
intercompared with a standard couple of the same type over a 
wide temperature range. A permanent record of the total emf 
of the standard thermocouple and the emf difference between 
the standard and each of the other thermocouples appears on 
a recorder strip chart, the accuracy of the difference measure- 
ment being better than +-1yv. If desired, comparison between 
the corresponding individual elements of the standard and test 
thermocouples may be obtained at the same time. Tempera- 
ture is varied at any required rate by means of a motor con- 
trolled variac. The hot junctions of the thermocouples are 
welded together to ensure identity of temperature in spite of 
the nonequilibruim conditions in the furnace. An isolating 
potential comparator! allows the emf difference measurements 
to be made in spite of this electrical connection at the junction. 


1T. M. Dauphinee, Can. J. Phys. 31, 577 (1953). 


A6. The Creep of Aluminum Under Cyclotron Irradiation.* 
A. AnpDREW,f M. R. Jeprson,{ R. L. MatHer,§ anv H. P. 
Yockey.||—The effect of cyclotron irradiation on the steady- 
state creep rate of aluminum has been measured at beam den- 
sities up to 1.210" alpha particles per cm? per second. The 
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data show a slight decrease in rate (up to 19 percent) during 
irradiation. Since the effect is small, apparently independent 
of beam density, and is comparable to the usual deviations in 
the absence of radiation, it can be considered a null result. A 
description of the apparatus and techniques used will also be 
given. 
* This work was based on studies conducted for the U.S. Atomic Energy 
Commission. 
+ North American Aviation, Inc., Atomic Energy Research Department, 
Downey, California. 
Now at Applied Radiation Corporation, Walnut Creek, California. 
Now at NRDL, San Francisco, California. 
|| Now at ORNL, Oak Ridge, Tennessee. 


A7. Reversibility of the Additive Coloring Reaction in KC1.* 
D. R. WestTeRvELT, Atomic Energy Research Department, 
North Americal Aviation, Inc.—Shamovsky, Rybakova, and 
Gosteva! recently have reported experiments which suggest 
that the additive coloring process is irreversible. This con- 
clusion was based on observations that the F-center concen- 
tration obtained was independent of the metal used in coloring, 
hence, on the atomic peaniecaaitiin in the vapor; and that 
after coloring at one temperature further heating at a lower 
temperature did not result in a decrease in the F-center con- 
centration. Because of the importance of these assertions, 
which tend to invalidate the present theory of additive color- 
ing, some of the Russian experiments have been repeated. It 
was found that crystals of KCI colored in saturated K vapor at 
575°C contained 3.0 times the F-center density of crystals 
colored at 520°C, but those colored first at 575°C and sub- 
sequently heated in the vapor at 520°C did not differ in 
concentration from those heated only at 520°C by more than 
10 percent. Equilibrium was verified at each temperature. 
KCI colored in saturated K and Na vapors at 725°C agreed 
in F-center density within 50 percent, whereas the atomic 
concentrations in the vapor differ by a factor of 5. An explana- 
tion for this result is given within the framework of an exten- 
sion of the equilibrium theory of the reaction between alkali 
metal vapor and alkali halides.* The results obtained thus do 
not confirm the reported irreversibility of the additive coloring 
reaction. 


* This report is based on studies conducted for the U. S. Atomic Energy 
Commission. 
1 Shamovsky, Rybakova, and Gosteva, Doklady Akad. Nauk SSSR, 
91, 67 (1953). 
2D. R. Westervelt, ‘‘Theory of the reaction between alkali metal and 
alkali halides,” NAA-SR report (to be published). 


A8. Application of the Engravement Method to the Study 
of Particle Velocity Distribution in Explosively Loaded 
Cylinders. Joun PEARSON AND JOHN S. RINEHART, Michelson 


Laboratory, U. S. Naval Ordnance Test Station.—The engrave- 
ment method for measuring high-intensity transient stress 
wave particle velocities in impulsively loaded bodies' has been 
used to study the particle velocity distribution in the walls of 
modified thick-walled metal cylinders internally loaded with 
explosive charges. Particle velocity measurements have been 
obtained to within $ inch from the metal-explosive interface. 
Even though each of the modified cylinders broke into a num- 
ber of fragments, the engravements were well enough pre- 


SESSION A 


served to furnish considerable data. Temporal and spatial 
particle velocity distribution curves have been obtained for 
cylinders of annealed low-carbon steel and brass. 


1J. S. Rinehart and J. Pearson, J. Appl. Phys. 24, 462 (1953). 


A9. A Critical Angle Associated with High Speed Impact 
of a Sphere on a Thin Plate. WittiAM A. ALLEN, Jor M. 
MAPEs, AND WEsLEy G. Witson, Michalson Laboratory, U. S 
Naval Ordnance Test Station.—Steel spheres } in. in diameter 
have been fired at velocities in excess of 3000 ft/sec through 
thin steel plates. The recovered projectile is marked by a 
series of concentric circular rings caused by lateral plastic 
deformation. All rings are characterized by radii r>ro(v), 
where ro is a critical radius that depends upon the velocity 
v of the sphere. Spacing of a given ring from its neighbor can 
be approximated by a term of an infinite geometrical series. 
The sum of the infinite series is used to determine the critical 
radius. This radius bears a relation to the critical angle ob- 
tained by a Los Alamos Scientific Laboratory group from 
another kind of experiment.' The phenomencn of the critical 
radius is explained by means of hydrodynamical concepts of 
compressible flow of steel treated as a fluid without viscosity 
or heat conduction. The experimental evidence has been com- 
pared with predictions from two published!* theoretical equa- 
tions of state for iron. 


1 Walsh, Shreffler, and Willig, J. Appl. awe 24, 349 (1953). 
? Pack, Evans, and James, Proc. Phys, Soc . (London) 60, 1 (1948), 


Al0. Ablation from Ultra-Speed Pellets. Wittiam C. 
Wurte, Michelson Laboratory, U. S. Naval Ordnance Test 
Station.—It has been observed on continuous motion picture 
photographs of ultra-speed pellets! that some of the ablated 
material appears as luminous streaks. These streaks were 
measured to determine the velocities of the ablated particles. 
From aerodynamic considerations, particle radii and masses 
were determined. A count of the number of streaks per unit 
path length yields ablated mass per unit length and rate of 
ablation. 


1 Allen, Rinehart, and White, J. Appl. Phys. 23, 132 (1952). 


All. The Rittinger’s Number for Several Minerals. M. E. 
BACKMAN AND H. L. Morrison, Michelson Laboratory, U. S. 
Naval Ordnance Test Station.—Rittinger’s number! is known 
for many common materials but is still undetermined for some 
minerals and ores. The values for five materials have been 
obtained using the method of Gross and Zimmerly? for deter- 
mining the energy of fracture and a flow permeability method 
for obtaining the surface created during fracture. These 
values are as follows: volcanic breccia 15.2 cm*/kg cm, 
limestone 16.5 cm?/kg cm, an iron ore 6.0 cm*/kg cm, pyro- 
phyllite 33.2 cm?/kg cm, and quartzite 11.2 cm*®/kg cm. The 
method of measurement is reviewed, changes in equipment and 
details of the procedure are discussed. 

1 von Rittinger, Lehrbuch der Aufbereitungskunde (Berlin, 1867). 


2 J. Gross and S. R. Zimmerly, Am. Inst. Mining Met. Engrs. Tech Pub 
No. 126 (1928). 
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Contributed Papers 


Bl. The Spectra of Indium. R. A. Nopwett anp A. M. 
CROOKER, University of British Columbia.—Approximately 
350 indium lines have been measured in the spectral region 
from 1200A to 6900A. Many lines previously reported 
indium I and indium II have been confirmed, and several lines 
not previously reported have been classified in indium II. 
Most of the lines measured are high excitation and attempts 
are being made to classify them in the indium III spectrum. 
An electrodeless discharge has been used as a source, and the 
light analyzed by means of a vacuum grating spectrograph in 
which the test sample is exposed through a slit with an angle 
of incidence at 80° and a comparison source is exposed simul- 
taneously through a slit with angle of incidence at 21°, thus 
making it possible to compare the wavelength in the vacuum 
ultravoilet region directly with known wavelengths in the 
visible or near visible region. 


B2. Spectra of Arsenic. R. E. Beprorp aAnp A. M. 
CrookerR, University of British Columbia.—The spectra of 
arsenic in the visible and ultraviolet regions have been photo- 
graphed with a 21-foot grating and a Littrow prism spectro- 
graph using an electrodeless discharge. The wavelengths of 
approximately 1000 lines ranging from 2300-6500 A have been 
measured relative to iron standards. Many of these have pre- 
viously been classified by A. S. Rao! and several others have 
been assigned to transitions in AsII, AsIII, and AsIV. From 
preliminary investigations it appears that the following new 
terms have been located in AsIII. 

45°52 °G 
62 °G 


7g°G 
6d *Ds 


39,00 cm 

27.535 

20.253 

37.223 (called 5g *G by K. R. Rao).? 


In AsIV the multiplet 4s5d*D—4s6p'P has been identified 
leading to the new terms 

87.574 cm"! 

87.478 

5P, 87.296. 


4s6p'P 
spo 


Further analysis is currently in progress, including the photog- 
raphy of the spectra in the infrared and vacuum ultraviolet 
regions, 


1A. S. Rao, Ind. J. Phys. 16, 561 (1932). 
2K. R. Rao, Proc. Phys. Soc. (London) 43, 68 (1931). 


B3. The g Factors of the *P Terms of Atomic Oxygen. 
K. KAMBE AND J. Van VLECK, Harvard University.- 
Abragam and Van Vleck! have calculated the deviations of the 
g factors of the 2p**P terms of atomic oxygen from the simple 
Lande formula which arise from a variety of causes, viz., 
relativity, spin-orbit interaction, diamagnetic screening, the 
motion of the nucleus, and the Schwinger quantum-electro- 
dynamical correction. However, for simplicity they nelgected 
exchange and assumed that the charge distribution in which 
any 2p electron moves in centro-symmetric despite the fact 
that the three other 2p electrons do not really form a closed 
shell. The present paper refines the calculations by no longer 
making these two simplifying assumptions. The procedure 
consists in expanding the correction terms in the Hamiltonian 
in a finite series of spherical harmonics in a fashion very similar 
to that in the standard Slater expansion of 1/r;;. The diagonal 
matrix elements in the 1smyn, system are first calculated, and 
those in the LSJ M scheme obtained from the invariance of the 


diagonal sum. The most important integrals have already been 
computed for a Hartree-Fock self-consistent field by Hartree, 
Hartree, and Swirles,? while the remaining integrals have been 
estimated by employing modified Slater-type wave functions. 
We find g(@P,) = 1.500974, g(*P2) = 1.500913 to be compared 
with the experimental’ values g(@P,)=1.500971, g(*P2) 
= 1.500905. 

1A, Abragam and J. H. Van Vleck, Phys. Rev. 
P pga Hartree, and Swirles, Trans. Roy. Soc. 
a E. B. Rawson and R. Beringer, Phys. Rev. 


92, 1448 (1953), 
(London) A238, 229 


88, 677 (1952). 


B4. Magnetic Interactions in ‘2 Molecules.* Rosert L. 
Wuite,t Columbia University.—In a second-order approxi- 
mation the electronic angular momentum of a rotating ‘2 
molecule is not zero. The associated magnetic field is on the 
same order of magnitude as the field arising from the rotation 
of the positively charged nuclear frame. The total resultant 
field interacts with the magnetic moments of the nuclei of the 
molecule to produce an interaction of the form Wmag= [ei 
+ (¢c2—¢;)K*J~“'(J +1)" ]I-J for a nucleus on the symmetry 
axis of a symmetric top molecule. The c; may be of either sign, 
depending upon both nuclear and molecular parameters. The 
algebraic values of ¢; for the molecules O''CS, OCS®, OCSe”, 
CI®CN*, CB8CN'5, CH;Cl, SiH;Cl, and GeH,Cl have been 
measured on a high resolution bridge-type microwave spec- 
trometer. A correlation between measured and theoretical c¢; 
for these molecules and for a number of others for which ¢; is 
known (primarily from molecular beams data) will be given. 
The molecular parameters thus obtained will be compared 
with those inferred from molecular g factors and diamagnetic 
susceptibilities. 

* This research supported jointly by the U. S. Army, U. S. Navy, and 
U.S. Air Force under contract with Columbia University, 


1 Present address, Hughes Research and Development Laboratories, 
Culver City, California. 


B5. Ground-State Potential Constants of ClO.,t J. K. 
Warp, Agricultural and Mechanical College of Texas* (intro- 
duced by J. B. Coon).—Sufficient information is available to 
compute the four harmonic potential constants of the ground 
state of ClO». Coon’s! ultraviolet rotational structure analysis 
furnishes 2B” =0.612+40.003, 2(B’— B’) = —0.0615+0,001, 
and 2(A’—A") = —1,250-0.006 cm™!; a least-square treat- 
ment of Nielsen and Woltz’s* infrared rotational structure data 
yields 2(A”—B’”) =2.831+0.01 cm. From this data one 
obtains 20 =117.440.2°, ro’ =1.47240.005A, 20’=107.4 
+0.4°, ro’ =1.620+0.015A. By using 20” in conjunction with 
wi’ = 964.8, we!’ = 451.8, and w;’’=1127.3 cm™ given by Coon 
and Ortiz,3 and one isotope shift Aw;’’=—6.41 cm,‘ the 
ground-state valence potential constants are determined: 
k=6.990, ke=0.649, ki= —0.191, ke= —0.035X (10)® dyne- 
cm”. Poor agreement exists with potential constants deter- 
mined using three ground-state frequencies and the criterion of 
Glockler and Tung :5 k= 7.411, kg =0.803, ki = 0.230, k2 = 0.930 
X (10) dyne-cm™. Disagreement also exists with the predic- 
tion of Duchesne and Nielsen® that k; and ke should be positive. 

t This research was supported by the U.S. Air Force through the Office 
of Scientific Research of the Air Research and Development Command, 

* Now at Boeing Airplane Company, Seattle, Washington. 

1 J. B. Coon, J. Chem. Phys. 14, 665 (1946). 

7A. H. Nielsen and J, H. Woltz, J. Chem. Phys. ny 1878 (1952). 

+ J. B. Coon and E, Ortiz, Phys, Rev. 82, 766 (19 

4J. B. Coon (to be published). 


5G, Glockler and J.-Y. Tung, J. Chem, Phys. 13, 388 (1945). 
6 J. Duchesne and A, H. Nielsen, J. Chem, Phys. 20, 1968 (1952). 
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B6. Polarized Infrared Absorption Spectrum of Gypsum. 
D. S. Wesper, University of California, Los Angeles.—The 
absorption spectrum of gypsum, CaSO,-2H,0, has been ob- 
tained in the region from 3000 cm™ to 9000 cm~ using polar- 
ized radiation. A detailed analysis of the structure observed 
in the broad water band in the 3000 cm™ to 4000 cm™ region 
is reported in this paper. The high-resolution prism grating 
spectrometer described by Lyon and Kinsey! was used in this 
work, Polarization was achieved with a pile of selenium films 
placed in front of the exit slit of the spectrometer. The samples 
were placed just behind the exit slit. This arrangement of 
polarizer and sample eliminates spurious polarization effects. 
Samples were prepared with faces parallel to the perfect 
cleavage plane in the gypsum. Components of the band have 
been identified with the fundamentals of the symmetric and 
asymmetric stretching modes and the first overtone of the 
bending mode of water. Other components have been inter- 
preted as bands caused by the couplings of three hindered 
translations and two hindered rotations with the molecular 
vibrations of the water molecule. 


1W. K. Lyon and E, L. Kinsey, Phys. Rev. 61, 482 (1942), 


B7. Energy Parameters of Two-Dimensional Graphite. 
G. S. Cottapay, Michelson Laboratory, U. S. Naval Ordnance 
Test Station.—-In the theoretical study of the 2-dimensional 
model of graphite’? certain energy parameters, Eo, yo, Yo’, 
occur which cannot be explicitly evaluated due to a lack of 
knowledge concerning the lattice potential function. These 
parameters are evaluated by combining the energy expression 
E(K) for the valence w electrons with experimental data, 
e.g., work function of graphite, soft x-ray emission spectrum, 
thermochemical data. In calculating E(K), first and second 
nearest neighbors have been included in the overlap and 
resonance integrals. 


1 P, R. Wallace, Phys. Rev. 71, 622 oy 
tC Coulson and R. Taylor, Proc. Phys. Soc 


B8. Thermal Conductivity of Single Crystalline Silicon. 
G. W. Hut ann T. H. Gesate, Bell Telephone Laboratories. — 
Measurements of the thermal conductivity & of single crystal 
silicon have been made from liquid hydrogen temperatures to 
room temperature on a filament cut from a crystal pulled in 
the (100) direction. Analysis of Hall data for this crystal 
indicates a total impurity concentration of 10~* atom percent. 
A room temperature value of k = 1.48 watt units for this sample 
is to be compared with the current literature value of 0.84 watt 
units. & rises to a value of 9 at 80°K and 19.5 at 30°K with no 
sign of reaching its maximum value. The relative thermal con- 
ductivities of a series of samples in which arsenic atoms have 
been added up to 0.05 atom percent as determined by Hall 
measurements have also been observed. Isotherms of k de- 
crease rapidly in the concentration range above 10™* atom 
percent, while there seems to be little variation in k at lower 
concentrations even at 30°K. The room temperature value of 
k for the 0.05 atom percent sample is down to 0.90 watt unit; 
at 75°K it is less by a factor of 5 than k for the 10-* atom 
percent sample. 


. (London) A65, 815 (1962). 


B9. Seebeck Effect in Single Crystal Silicon. T. H. GEBALLE 
AND G, W. HULL, Bell Telephone Laboratories.—The Seebeck 
effect has been investigated in single crystal silicon as a func- 
tion of excess concentration of charge carriers produced by 
addition of arsenic atoms. Measurements have been made from 
liquid hydrogen temperatures to above room temperature and 
compared with Hall data for the same samples. The results 
show a very large rise in Q, the Seebeck voltage per degree 
difference between junctions, as the temperature decreases. 
This is the same behavior previously observed in germanium.! 
The large values of Q are attributed to the type of phonon- 
electron interaction postulated for germanium. A sample of 
large dimension in which boundary scattering effects are 
reduced reaches a value of 59 millivolts per degree at 30°K 
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and varies as 7~*", Consideration of the Hall data indicates 
that the 7~*" behavior is approximately characteristic of the 
phonon-electron interaction all the way to room temperature. 
Q passes through zero and becomes positive below 13°K for a 
sample with 2.2 X 10'* arsenic atoms-per cc. This together with 
an abnormal drop in Hail mobility at 16°K previously observed 
by Morin and Maita* for the same sample suggests impurity 
band conduction. 


1T. H. Geballe and G. W 
?F. J. Morin and J. P. Maita, Phys. Rev. 


Ikull, Pays. Rev. (to be published). 
(to be published). 


B10. Dependence of Signal-to-Noise Ratio in Photoconduc- 
tive PbSe Layers on the Temperature of the Black-Body 
Source.* A. M. CROOKER AND E. B. Dortnc, University of 
British Columbia.—We have prepared sensitive PbSe photo- 
conductive cells and measured the signal/noise ratio ob- 
tained with a black body source at 200°C and 500°K. This 
experiment has been done with the cell at room temperature 
and at liquid air temperature. The results are compared with 
what one calculates assuming that the long wave cutoff of the 
cell is linear and that this cutoff shifts as reported by Moss. 


* This work is supported by the Defence Research Board, Ottawa. 
1 T.S. Moss, Proc. Phys. Soc. (London) B62, 741 (1949) ; B63, 167 (1950). 


Bil. Microwave Properties of Manganese-Ferrite Single 
Crystal.* P. E. TANNENWALD, M.J.T.—Resonance absorption 
and anisotropy measurements have been carried out ona single 
crystal of Mn-ferrite (~10 ohm-cm resistivity) between room 
temperature and 4.2°K. A 0.42-mm sphere was rotated in an 
X-band waveguide-type cavity in such a way that the dc mag- 
netic field always lay in a (110) plane of the crystal but along 
different crystallographic axes. At room temperature the dis- 
persion has also been measured, and the Kramers-Kroénig 
relations are found to be satisfied. Comparison of the real and 
imaginary parts of the susceptibility with the Bloch-Bloem- 
bergen theory gives fair agreement. AH, the full width at half- 
power absorption, decreases from 260 oersteds at 20°C to 130 
oersteds at 4.2°K and is the same in the three principal crystal 
directions at each temperature. The anisotropy increases 
sharply as the temperature is lowered but decreases again 
slightly below 77°K. The g factor is practically constant at a 
value of 2.00. A secondary peak has been observed at low 
temperatures and in certain crystal directions. Details of this 
peak will be presented and its possible origin will be discussed. 

* Supported jointly by the U. S. Army, Navy, and Air Force under 
contract with the Massachusetts Institute of Technology. 


B12. Fermi-Dirac Degeneracy in Liquid He* below 1°K.* 


W. M. Farrpank, W. B. Arp, G. K. WALTERS, Duke Uni- 
versity.—The temperature dependence of the nuclear mag- 
netic susceptibility of liquid He*® has been measured directly 
down to 0.2°K. by observing the strength of the nuclear mag- 
netic resonance absorption signal. These measurements give 
an answer to the much discussed question of the extent to 
which liquid He* behaves as an ideal Fermi-Dirac gas. At 
sufficiently low temperatures the spins of the particles of an 
ideal Fermi-Dirac gas would be expected to line up antiparallel 
and this would cause the spin magnetic susceptibility to 
deviate from the classical 1/7 law and finally to become tem- 
perature-independent. Previous measurements by us! indicated 
than no measureable degeneracy occurs in liquid He* down to 
1.2°K, although the calculated degeneracy temperature for an 
ideal Fermi-Dirac gas of the same atomic mass and density as 
liquid He? is 4.7°K. The present measurements indicate that 
below 1°K the nuclear spins of the liquid He* begin to line up 
antiparallel with the same temperature dependence as an 
ideal Fermi-Dirac gas with a degeneracy temperature of 
0.45°K. At 0.25°K the He® nuclei are approximately 40 
percent antiparallel aligned. The temperature was indepen- 
dently checked by the nuclear resonance signal from protons 
in a salt in contact with the He’. 


U. * Work — by a contract with the Office of Ordinance Research, 
S. Arm 
\ Fairbank, Ard, Dehmelt, Gordy, and Williams, Phys. Rev. 92,208 (1953). 
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WEDNESDAY MORNING AT 9:30 


Physics 334 


(F. N. FRENKIEL, presiding) 


Contributed Papers 


Cl. Hot-Wire Measurements of Turbulence in the Ocean. 
R. W. Stewart, Pacific Naval Laboratory.—Ordinary constant 
temperature hot-wire anemometry techniques have been 
adapted to measure oceanic turbulence. Two channels have 
been built so that cross correlation studies are possible and 
Pacific Naval Laboratory’s very large playback/record speed 
ratio tape recorder has been employed for measurements of 
spectra. Some preliminary results have been obtained in in- 
short waters. 


C2. Metastable Jet-Tone States of Jets from Sharp-Edged, 
Circular, Pipe-Like Orifices. A. B. C. ANpErRson, Naval 
Ordnance Test Station.—-Characteristics of spectra from rela- 
tively thick orifices differ from those from relatively thin. Ina 
given range of Reynolds number, the jet may often exist in 
any one of several reproducible jet-tone states (metastable 
states) characteristic of the orifice. The dependence of the 
component frequencies of the jet-tone spectra (expressed in 
terms of the orifice-number fd/(Ap/p)* on Reynolds number 
[pd/(Ap/p)*]/u is shown, where d is diameter of orifice; f, 
frequency; Ap, pressure difference across orifice; p, density; 
and y, viscosity of gas. The orifice numbers of the components 
of the jet-tone spectra generally tend to fall on the orifice- 
number levels of a single array of equally spaced orifice- 
number levels. Jet tones from the same orifice plates, charac- 
teristic of both thin as well as thick orifice plates, are found to 
coexist over a small transition range of orifice thickness- 
diameter ratio. If the orifice number of the head of the most 
probable mode for a given orifice thickness-diameter ratio is 
noted, the same will be found again for the head of the most 
probable mode at approximate orifice thicknesses /--nd, where 
n is a small integer. 


C3. The Transition Through a Contact Region. J. G. HALL, 
Institute of Aerophysics, University of Toronto (introduced by 
G. N. Patterson).—An approximate treatment is given of 
temperature and density transition through the one-dimen- 
sional contact region of shock tube flows. The simple model 
considered is a homogeneous gas having step change in density 
and temperature but constant pressure at time zero. Behavior 
for subsequent time is determined from the three conservation 
equations for a viscous, compressible, heat-conducting gas. 
Simplifying assumptions are ideal gas, zero body forces, linear 
viscosity-temperature relation, and negligible pressure change. 
For very weak transitions, complete linearization of the differ- 
ential equations gives spacially monotonic and antisymmetric 
temperature and desnity change with the transition region 
spreading as the square root of time. For stronger transitions, 
a von Mises transformation followed by linearization in the 
transformed plane leads to closed solutions exhibiting non- 
linear effects in the physical plane. Nonlinearities give asym- 
metric temperature and density change; the square root of 
time growth becomes dependent on the initial discontinuity. 
Experimental shock-tube results are noted for two types of 
contact regions. Piezocrystal pressure recordings indicate 
pressure effects as slight. Experimental density transitions 
from interferometry are compared to theory where possible. 
Agreement is qualitatively good for the weak transitions 
studied. 


C4. The Incompressible Laminar Boundary Layer on a 
Spinning Cylinder at Small Angles of Attack. Howarp R. 


Ketty, U. S. Naval Ordnance Test Station.-An approximate 
solution is found for the Navier-Stokes equations for the 
boundary-layer flow along a cylinder spinning slowly on its 
axis, including the case where the free stream is inclined at a 
small angle a to the cylinder axis, By a perturbation method, 
the velocity profiles and displacement effects are evaluated to 
second order in a and in the spin w. The effects of wall curvature 
are treated in much the same manner as was done by Seban 
and Bond.' The velocity profiles are described in terms of a 
dimensionless parameter n, analogous to that used by Blasius.* 
The results of this study are basic to a better understanding 
of the aerodynamics of bodies of revolution. 


1Seban and Bond, J. Aeronaut. Sci. 18, No. 10, 671 (1951). 
? Blasius, Math. Phys. Bd. 56, 1 (1908). 


CS. The Displacement Effect of a Three-Dimensional 
Boundary Layer of Moderate Thickness. ELpon L. DuNN 
AND Howarp R. Ketty, U. S. Naval Ordnance Test Station.— 
A method is developed for determining the “displacement 
surface” of a known three-dimensional compressible boundary 
layer flow in terms of the mass-flow defects associated with the 
profiles of the two velocity components parallel to the body 
surface. The results are given in a form for use in any coor- 
dinate system, and are applicable for boundary layers of 
moderate thickness. The development parallels that of Moore,' 
whose results are given in Cartesian coordinates and are 
applicable only in the case of an extremely thin boundary 
layer. Using generalized orthogonal coordinates x1, X2, X3 with 
scale factors ¢1, ¢2, ¢;, the general relation between the dis- 
placement surface and the mass-flow defects is given by 


i) A 0 ey 
| f piereruides—b1| 4 Hf pirewrdes—bn] =(), 
OX Le OX, 


where 6x; and 5z3 are quantities characterizing the mass-flow 
defects, x.= A is the displacement surface, u and w are velocity 
components in the x; and x; directions, respectively, p is 
density, and x:=0 is the equation of the body surface. The 
subscript 1 refers to conditions of inviscid flow. Applications 
of the method are considered for shapes of interest in aero- 
dynamic theory. 


! Franklin K. Moore, Natl. Advisory Comm, Aeronaut. NACA Report 
1124 (1953). 


C6. Response of Pressure Gauges to Dust-Laden Shock 
Waves. J. R. BANISTER AND C. D. Broyies, Sandia Cor pora- 
tion.—A series of shock tube studies demonstrate that two 
types of pressure gauges respond to dust carried with shock 
waves by indicating an increase in dynamic pressure. This 
contribution to the dynamic pressure is approximately the 
product of the dust density and the square of the dust velocity 
under the experimental conditions. Besides this information the 
studies give insight into the interaction of a square shock wave 
with dust when that dust is placed in a plane before and paral- 
lel to the shock front. It is found that the shape of the pressure 
wave is little changed except for a rounding of the front. The 
dust, after accelerating, is carried as a pulse with the mass 
flow velocity of the air. 


C7. The Shape of a Shock Wave Derived from a Spherical 
Shock Wave Incident on a Concave Wedge. Jay Topp, Jr., 
AND RALPH SCHELLENBAUM, Sandia Corporation.—A 13.5- 
gram charge is detonated above a rigid plane which is 
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bounded by a second plane making an angle of 5.7° with the 
first. This forms a concave wedge with an interior angle of 
174.3°. Successive shadowgraph pictures of the shock were 
obtained near the intersection of the two planes. The shape 
of the diffracted wave differs slightly from that found in the 
similar case for plane shocks,' in that the Mach stem is less 
highly concave. This is accentuated as the wave progresses 
up the plane until the curvature is reversed. The data are 
sufficiently accurate to permit a determination of shock 
strength as a function height above the inclined plane. 

1D. R. White, “An experimental survey of the Mach reflection of shock 


waves,’ Princeton Department of Physics, Tech. Report I1-10, August 21, 
1951, 


C8. Two-Fluid Flow with Application to Dust-Laden Air. 
M. L. Merritt ann J. R. BANistER, Sandia Corporation.— 
We wish to consider the flow of two mutually interfering and 
interpenetrating fluids of different equations of state and 
different heat contents. Such a two-fluid flow might be that of 
air carrying a dust burden. If the two are constantly in ther- 
mal equilibrium and move with the same velocity (this 
implies that the dust is of small size, and that one does not 
examine too small intervals of time) it is possible to write 
equations expressing their joint equation of state, hydrody- 
namic flow, shock flow, etc. The effective y of the combination 
is reduced, the density increased, the heat content per volume 
increased, and the resultant velocity of sound decreased. If 
the two fluids are not in thermal and momentum equilibrium. 
they will interact with each other so as to approach that equi- 
librium. The hydrodynamic equations of the combination are 
twice as many in number. The velocity of sound in the mixture 
is but little reduced. The effect on the shock conditions is 
similar to those of the relaxation effects of CO, and of hydro- 
carbon gases, that is, the pressure first jumps as if the non- 
contributing fluid were not there then adjusts flow to the 
presence of the other. The most direct check of these ideas 
will be the experimental study of the velocity of sound in a 
two-fluid situation and a study of shocks passing through 
them. 


C9. Path of Triple Point for Spherical Shocks Above a 
Rigid Plane. RaLeH SCHELLENBAUM AND Jay Topp, Jr., 
Sandia Corporation.—Lincoln Smith' has shown that simi- 
larity solutions are valid in the case of plane shocks incident 
on a wedge. As a consequence the path of the triple point is a 
straight line. The angle between this line and the surface of 
the wedge (X) is a function of the shock strength and the 
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angle of incidence. During the course of experiments at 
Sandia Corporation the path of the triple point for spherical 
waves incident on a flat plane has been measured. Compari- 
sons are made between the slope of this trajectory and X 
as determined by Lincoln Smith for plane waves. 


1OSRD-6271. 


C10. On the Siability of the Spherical Shape of a Vapor 
Cavity in a Liquid.* M. S. PLesser AND T. P. MITCHELL, 
California Institute of Technology.—The stability of the 
spherical shape of a gas bubble in a liquid is investigated for 
the case in which the difference between the pressure in the 
bubble p; and the pressure in the liquid po is constant. These 
conditions apply approximately to a vapor bubble growing 
(pi > po) or collapsing (pi < po) in a liquid at constant external 
pressure. The general solution for the behavior of a small 
deformation in the spherical shape of the cavity is readily 
obtained when surface tension is neglected. For a growing 
bubble, the deformation increases slowly and monotonically ; 
for a collapsing bubble, the deformation oscillates with small 
amplitude until the mean radius of the bubble approaches 
zero when the magnitude of the deformation increases rapidly. 
The consistency and applicability of the small amplitude theory 
for a significant range of bubble radius change is demonstrated. 
A solution may also be obtained which includes the effect of 
surface tension. In this case the distortion amplitude decreases 
monotonically for the expanding bubble; the singularity in the 
distortion amplitude for the collapsing bubble for small radius 
persists. 


* This study was supported by the U. S. Office of Naval Research. 


Cll. Free Molecule Flow of a Nonuniform Gas. S. BELL 
AND S. A. Scuaar, University of California.—Heat transfer and 
aerodynamic force characteristics of a cylinder are calculated 
for the case of free molecule flow of a nonuniform monatomic 
gas, i.e., a gas which is not in Maxwellian equilibrium but 
which has viscous stresses and heat flux present. It is shown 
that a shear stress will induce an aerodynamic lift and that a 
heat flux produces a force (the ‘“‘radiometer” force) in the 
direction of the heat flux. These nonuniformities also affect 
the heat transfer to the cylinder and its equilibrium tempera- 
ture. Applications to the use of small wires for supersonic wind 
tunnel probes are discussed. This work was sponsored by the 
U.S. Office of Naval Research and the U. S. Office of Scientific 
Research. 


WEDNESDAY AFTERNOON AT 2:00 


Health Sciences Auditorium 


(S. H. NEDDERMEYER, presiding) 


Cosmic Rays and High Energy Physics 


Invited Papers 


D1. Experimental Findings at the Brookhaven National Laboratory. C. N. YANG, Institute for 


Advanced Study, Princeton. (30 min.) 


D2. The Identification of Heavy Mesons. W. B. Frerrer, University of California, Berkeley. 


(30 min.) 


D3. Recent Results on V-Particles. R. W. THompson, Indiana University. (30 min.) 
D4. V-Particles with Neutral Secondaries. E. W. Cowan, California Institute of Technology. 


(30 min.) 





SESSIONS E AND F 


THURSDAY MORNING AT 9:00 


Guggenheim Hall 


(R. F. Cristy, presiding) 


Medium Energy Nuclear Physics 


Invited Papers 


El. Investigations with the University of Washington Cyclotron. F. H. Scumipt, University of 


Washington. (30 min.) 


E2. Deuteron Reaction Studies with the Pittsburgh Cyclotron. R. S. BeNpER, University of Pitts- 


burgh. (30 min.) 


E3. Elastic Scattering of Protons by Medium and Heavy Nuclei. P. C. GUGELoT, Princeton Uni- 


versity. (30 min.) 


E4. Cross-Section Measurements with 29-Mev Nitrogen Ions. ALEXANDER ZUCKER, Oak Ridge 


National Laboratory. (30 min.) 


THURSDAY MORNING AT 9:00 


Physics 320 


(C. L. UTTERBACK, presiding) 


Contributed Papers 


Fl. Hf and Zr Total Cross-Section Measurements.* E. G. 
Jokt anp J. E. Evans, Atomic Energy Division, Phillips 
Petroleum Company.—The MTR crystal spectrometer has 
been used to measure oa; from 0.04 to 10 ev with a Hf metal 
sample. Our measurements give 92.4b at 0.4 ev and 64.4b at 
0.1 ev which are lower than corresponding Harwell data.! A 
possible explanation for the discrepancy will be discussed. The 
new data are consistent with the tabulated thermal value of 
123+15b in U. S. Atomic Energy Commission AECU-2040. 
The energies of the first two resonances have been measured 
to be 1.095+0.005 and 2.378+0.016 ev, consistent with the 
recent work of Bollinger et al.2 Single level Breit-Wigner 
parameters, corrected for Doppler broadening and instrument 
resolution, will be given. o; for Zr is essentially flat at 6.2b 
from 0.02 to 60 ev. These results are lower than Harwell 
results! but agree with recent Argonne fast chopper results.’ 
The sample used was 18.9 g/cm? of Zr metal which contained 
400 ppm by weight of Hf. 

* Work carried out under the auspices of the United States Atomic 
Energy Commission. 

1 Egelstaff and Taylor, Nature 167, 896 (1951). 

2 Bollinger et al., Phys. Rev. 92, 1527 (1953). 


3 Progress Report, Argonne National Laboratory Report ANL-5140, 
November 1953. 


F2. Contour Diagrams of Thermal Neutron Absorption 
Cross Sections*. J. E. Evans, Atomic Energy Division, Phillips 
Petroleam Company.—Separate contour diagrams showing 
lines of equal thermal neutron absorption cross sections have 
been drawn for nuclei having even-even, even-odd, odd-even, 
and odd-odd numbers of protons and neutrons. In general, the 
higher neutron cross sections are found to occur for the 
neutron-poor and proton-rich nuclei. A striking feature of the 
study is that in nearly all cases there is a gradual change of 
cross section values from one nucleus to an adjacent nucleus of 
the same type. The most outstanding exception is the Xe! 
nucleus, which lacks one neutron of having a magic number 
(or closed shell) of neutrons. The diagrams should prove 
helpful in estimating cross sections of nuclei for which no 
measurements exist if the cross sections for some of its neigh- 


bors are known. Some possible implications of the study to 
nuclear theory are discussed. 


_* Work carried out under the auspices of the U. S. Atomic Energy 
Commission. 


F3. MTR Crystal Spectrometer Data Printing System.* 
G. L. Smita AnD L. G. MILLER, Atomic Energy Division, 
Phillips Petroleum Company.—Operating automatically, the 
MTR Crystal Spectrometer can accumulate up to 1500 
separate counting meausrements with 0.3 percent statistics 
in a week-end period. This imposes a serious data handling 
problem. A data printing system using glow-transfer counters 
and an electric typewriter has been installed to replace the 
commercial scaler and traffic counter system. The 1-micro- 
second scaler has scales of 1 to 16 preceding the 6 glow- 
transfer counters. After a count, a motor driven scanning 
switch connects the 10 points of each glow-transfer tube 
simultaneously through triode-operated relays to the solenoid 
actuators of the 10 numbers on the typewriter. Only the point 
having the glow discharge will record. The system will handle 
up to 10° cpm and print 6 digits without the attendant short 
lifetimes of electric reset registers and traffic counters. In 
addition, the scaling factor, time, crystal position, arm angle, 
and sample wheel position are printed on folded and perfor- 
ated teletype sheets which are later bound to form a per- 
manent record. A special spacing is used which permits 
calculations to be made on the data sheets without data 
transfer. 


* Work done under the auspices of the U. S. Atomic Energy Commission, 


F4, The Photoproduction of Charged Mesons from Deu- 
terium.* M. Sanps, J. G. TEASDALE, AND R. L. WALKER, 
California Institute of Technology.—The yield of charged 
mesons of each sign produced in a high-pressure deuterium 
target by the x-ray beam of a 500-Mev synchrotron has been 
measured at 73°, laboratory angle, for several meson energies. 
Mesons were selected by the magnetic spectrometer used pre- 
viously in this laboratory.! The preliminary results for the 
ratio of the yield of negative mesons to that of positive mesons 
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are given in the table. The mesons observed are those which 
would be produced at an angle of 90° in the center-of-momen- 
tum system of a photon of energy “k’’ and a single nucleon 
initially at rest. 


7, (Mev, lab) 43 71 
N_/N, 1.25 1.15 
+0.03 +0.03 
207 247 


147 
1.13 

+0.03 

363 


200 
1.16 

+0.07 

451 


103 
1.09 
+0.02 


“*k’’ (Mev) 293 


Ratios measured at laboratory angles of 29° and 140° will also 
be reported. 


* Supported in part by the U. S. Atomic Energy Commission. 
1 Walker, Teasdale, and Peterson, Phys. Rev. 92, 1090 (1953). 


FS. Photostar Production Up to 500 Mev.* VincENnT PETER- 
son, California Institute of Technology.—The production of 
stars in G-5 nuclear emulsions by high-energy bremmstrahlung 
photons is being studied for various maximum synchrotron 
energies (k max) up to 503 Mev. The beam was monitored by 
a thick wall Cornell-type ionization chamber whose energy 
sensitivity varies slowly with k(max). The total star yield 
was counted and corrected for measured scan efficiency and 
pre-exposure background. Results obtained from several runs 
give for the integral cross section for producing stars of 3 or 
more prongs (errors are standard deviations) : 


k max in Mev @ (mb per equiv. quantum) 


309 2.85 +0.30 
376 4.60 +0.34 
420 5.11 40.30 
503 5.95 +0.35 


The excitation function per photon vs photon energy may be 
derived from the integral curve. The data are consistent with, 
but do not necessarily prove that, the photostar cross section 
exhibits the resonance shown by the free nucleon photomeson 
production cross sections. 


* This work was supported in part by the U. S. Atomic Energy Com- 
mission. 


F6. Photoproduction of Mesons from Hydrogen Near 
Threshold.* Vincent PETERSON AND I. GEorGE HENRY, 
California Institute of Technology.—Mesons produced by 500- 
Mev bremsstrahlung photons incident upon a high-pressure 
hydrogen gas target were observed at laboratory angles of 
30°, 51°, 73°, 104°, and 140°. Tungsten slits defined the target 
volume, and the low-energy mesons were detected at the end 
of their range in C-2 nuclear emulsions. Corrections for decay, 
nuclear absorption, slit penetration, and scattering from 
collimator walls are small. Duplicate scanning reduced effi- 
ciency corrections below 5 percent. Measured meson back- 
ground was 14 percent. Minimum detectable target meson 
energy is 11.3 Mev at 73°. The absolute cross section at this 
angle, measured continuously between 167- and 233-Mev 
photon energy with ~10 percent statistics per point, is in 
good agreement with the CIT counter data’ taken above 
200 Mev. Below 200 Mev the data furnishes additional evi- 
dence* for preponderance of S-wave interaction, as does the 
angular distribution at 187 Mev. The yield of negative (i.e., 
star producing) mesons at 73° is 11+2 percent of the positives, 
with negligible background. Analyzed gas impurities appear 
to account for less than 1 percent. The negative mesons 
energies are dynamically allowed by pion-pair production. 


* This work was supported in part by the U. S. Atomic Energy Com- 


mission. 
1 Walker, Teasdale, and Peterson, Phys. Rev. 92, 1090(A) (1953). 
*G. Bernardini and E. L. Goldwasser, Phys. Rev. 94, 729 (1954), 


F7. The High-Energy Photodisintegration of the Deuteron. 
Procedure.* A. V. ToL_estrup, J. C. Keck, and W. R. 
SmytHe, II, Califcrnia Institute of Technology.—The reaction 
v+D-->p+n is being investigated in the energy region from 
100 to 450 Mev at laboratory angles from 38 to 160 degrees. 
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A high-pressure low-temperature deuterium gas target is 
irradiated by 500-Mev synchrotron x-rays, and the emitted 
protons are identified by their ionization and range in a scin- 
tillation counter telescope. The proton energy, as determined 
by its range in copper, and the angle of emission fix the energy 
of the interacting photon. Energy momentum considerations 
serve to exclude the disintegrations in which free mesons are 
produced. Care must be taken to exclude those protons pro- 
duced by other particles in the material of the telescope and 
also a correction for nuclear absorption of the protons in the 
wall of the target and in the telescope must be made. Back- 
grounds obtained with the target evacuated were in general 
ess than 5 percent. 


* This work was supported in part by the U. S. Atomic Energy Com 
mission. 


F8. The High-Energy Photodisintegration of the Deuteron. 
Results.* J. C. Keck, A. V. ToLLestrup, anp W. R. SMYTHE, 
II, California Institute of Technology.—The photodissociation 
of the deuteron is being investigated by the technique de- 
scribed in the preceding paper. Measurements of the differ- 
ential cross section in the center-of-mass system have been 
made for angles of 170, 150, 130, 110 degrees for photon 
energies in the laboratory system from 100 to 450 Mev. The 
energy distributions at a given angle are characterized by a 
weak minimum at 150 Mev followed by a maximum at 250 
Mev. At 450 Mev the cross section is a factor of 5 smaller 
than at the maximum. The cross section decreases from 110° 
to 170° at all energies. The magnitude of the cross section 
at 250 Mev and 110 degrees is 5 ub/ster in agreement with 
results of workers at Cornell. The results suggest a connection 
with the process of photomeson production which may be 
interpreted in terms of the idea of an excited state of the 
nucleon which can decay either by meson production or 
collision with the second nucleon in the deuteron. 


* This work was supported in part by the U. S. Atomic Energy Com- 
mission, 


F9. Magnetic Analysis of the O'*(d,p)O” and N"“(d,p)N"* 
Reactions.* JACQUES THIRION, RENE COHEN, AND WARD 
WHALING, Kellogg Radiation Laboratory, California Institute 
of Technology.—Enriched isotopic targets have been used with 
a double focusing magnetic spectrometer to measure the 
energy of the protons emitted from the (d,p) reactions with 
O'* and N'*! At @=140° and deuteron bombarding energy 
2.18 Mev, three groups of protons were observed from the 
O'8(d,p)O" reaction with Q values 1.732+-0.008, 1.632 +-0.008, 
and 0.263+0.010 Mev. More energetic proton groups were 
not observed, and we attribute these Q values to the ground 
state and excited states at 0.100 and 1.469 Mev in O”. The 
proton spectrum shows no other states in O” with excitation 
energy $2.4 Mev. At 6=60° and deuteron bombarding energy 
2.0 Mev three proton groups were observed from the 
N'5(d,p)N'* reaction with preliminary Q values 0.158, —0.022, 
and —0.118 Mev. These Q values indicate a level spacing in 
N'® similar to that found by Ahnlund and Meleikowsky? for 
the first, second, and third excited states of N'®. Further work 
is in progress to observe more energetic protons accompanying 
the ground-state transition in the presence of an interfering 
group of protons from the N'(d,p)N'§ reaction. 

* Assisted by the joint program of the U, S. Office of Naval Research 
and the U. S. Atomic aay Commission. 


1 We are indebted to A. C. Nier for furnishing the enriched O'*, 
2 Curt Meleikowsky (private communication). 


F10. An Easily Reproducible Thermal Neutron Density 
Standard. René Couen,* Centre d'Etudes Nucléaires de Saclay. 
—The use of a copper foil whose thickness is greater than the 
range of the “Cu 8 particles with a 4 beta counter enables 
one to have a very reproducible (+:1.5 percent) standard of 
thermal neutron density. The standard thermal density we 
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use is such that once established in a copper disk of 15.00-mm 
diameter and 500 mg cm thick! it produces a saturated B 
activity (“Cu) which produces 1 pulse per second when 
measured in a 4x counter. This standard density as measured 
in absolute value at Saclay is equal to (5.70+0.19)-107% n. 
cm, The use of this standard facilitates the intercalibration 
of absolute measurements.” 

* Present address: Kellogg Radiation Laboratory, California Institute of 
Technology, Pasadena, California. 

‘The activity increases by less than 1 percent for an increase of 50 ug 
cm”, 

2D. J. Hughes, Pile Neutron Research (Addison-Wesley, Cambridge, 
1953); A. Wattenberg, Ann. Rev. Nuclear Sci. 3, 119 (1953). 


F1l. Hole Configurations in Light Nuclei.* R. F. Curisty 
AND W. A. Fow_er, Kellogg Radiation Laboratory, California 
Institute of Technology.—The low-energy (114 kev) negative 
parity (4~) excited state! in F points to a need to reexamine 
the shell model in this region. We consider this state as a 
proton hole in the p; shell with four (s,d) particles coupled to 
T=J=0 outside it. We estimate the energy of the 4~ state 
in F® from the ground-state energy of Ne™® and the binding 
of the last py proton given by the N'*—O!* mass difference, 
so Mi9(4~) = Moo— Mig+ Mis. This neglects the change in 
kinetic energy and the change in the p—(s,d) interaction and 
gives a 4~ state } Mev below the ground state of F', account- 
ing for a low }~ state. Similarly, the series of excited states, 
O'*(O* at 6.05 Mev), O'7(4> at 3.07 Mev), F!7(4> at 3.10 Mev), 
F'9(4~ at 0.114 Mev) and Ne®(O+ ground state) may be con- 
sidered as the addition of four (s,d) particles to the ground 
states of C!, C3, N83, N'5, Ol'8 respectively. There results a 
series of numbers for the binding of the four particles which 
increases by only 3.5 Mev from C® to O'8, 

* Assisted by the joint program of the U. S. Office of Naval Research 


and the U. S. Atomic Energy Commission. 
1 Peterson, Thirion, Sherr, and Christy, Phys. Rev. 94 (to be published). 


F12. Elastic Scattering of Protons by F”.t T. S. Wess, 
F. B. HAGEporn, W. A. Fow.Ler, AND C. C. LauRITSEN, 
Kellogg Radiation Laboratory, California Institute of Tech- 
nology.—The differential cross section for the elastic scattering 
of protons by F" has recently been measured using magnetic 
analysis of the protons scattered by thick targets of LiF. 
Measurements have been made for proton energies from 0.55 
to 1.8 Mev at scattering angles of 90°; 125°18’ and 159°46’ 
in the center-of-mass system. Marked anomalies have been 
observed at proton energies corresponding to known gamma- 
ray resonances at E,=0.669; 0.831; 0.874; 0.935; 1.355; 
1,381; 1.431; and 1.69 Mev. The behavior of the cross section 
off resonance is approximately in agreement with the calcu- 
lated Rutherford cross section. Further experimental work is 
planned to cover forward scattering angles and a more de- 
tailed investigation of these regions where known gamma-ray 
resonances occur which did not give sufficient scattering 
anomalies to be conclusively identified. In addition, theo- 
retical analysis of the data has been started. 


t Assisted by the joint program of the U. S. Office of Naval Research 
and the U. S. Atomic Energy Commission. 


F13. Inelastic Proton Scattering Cross Section of F'.t 
C. A. BAaRNEs, W. A. Fow.er, C. C, Lauritsen, AND R. W. 
PETERSON, Kellogg Radiation Laboratory, California Institute 
of Technology.—The excitation functions of the 114 kev and 
200 kev gamma rays, resulting from inelastic scattering of 
protons by fluorine,’ have been studied with Nal scintillation 
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counters from 330-kev to 1750-kev bombarding energy. Most 
of the well known high-energy gamma ray, nuclear pair, and 
long-range alpha particle resonances appear as resonances for 
one or both of the low-energy gamma rays. Cross sections for 
some of the prominent resonances are given in the table, 
superseding the approximate values given in reference 1. 
The cross sections for the other observed resonances will be 
reported. Observation of the inelastically scattered protons 
yields oy4= (1.940.2)X10°% cm*® at 1431 kev, and e200 
= (4.3+0.4) X10-*8 cm? at 1381 kev, in good agreement with 
the gamma-ray results. 


Proton 


Energy 1431 


1381 


(2.4 +0.5) 
x10~% 


(kev) 873 935 


F114 kev (cm?) <10-%7 (1.7 40.3) 
x10~% 


(1.3 40.3) 
107% 


(9 +3) 


(9 +2) 
10727 


X10-% 


7200 kev (cm?) (1.1 40.4) (3.8 +0.8) 
x10-" x10~% 


t Assisted by the joint program of the U. S. Office of Naval Research 
and the U. S. Atomic Energy Commission. ; 
1 Peterson, Barnes, Fowler, and Lauritsen, Phys. Rev. (to be published). 


F14. Measurement of =~ Mass with Mesonic X-Rays.* 
M. Stearns, M. B, STEARNS, L. Lerpuner, S. DEBENEDETTI, 
Carnegie Institute of Technology.—The critical absorption 
technique is being used for precise measurements of upper and 
lower limits of mesonic x-ray lines of L and M series. Thin 
absorbers are inserted in front of the Nal crystal,' and the 
transmission of the x-rays is studied as a function of the Z 
of the absorber. We find the energy of the 4f-+3d line of a 
mesons captured by phosphorus above the K edge of ssCe (40.40 
kev).? This corresponds to my >272.5m, as calculated from the 
Klein-Gordon equation using a point charge Coulomb poten- 
tial. Similarly the ~ Potassium 4f—+3d line is lower than the 
Hf K edge (65.08 kev) corresponding to my. <273.3m,. Many 
other lines (e.g., Al, Fl, and Mg 3d-+2p) have also been studied 
and have verified the technique. From these measurements it 
follows 272.5m,.<m,y—<273.3m,. When these values have been 
corrected for vacuum polarization effects the main error will 
be due to the uncertainty in the K edges of Ce and Hf. 
Experiments are in progress for determining closer limits and 
will be reported. 

* Supported by U. S. Atomic Energy Commission. 

1 Stearns, DeBenedetti, Stearns, and Leipuner, Phys. Rev. 93, 1123 


(1954). 
2 Landolt-Bérnstein (Springer-Verlag, Berlin, 1952). 


F15. The Reaction D(7,a)n at 1.5 Mev.* H. V. ARGo AND 
A. HEMMENDINGER, Los Alamos Scientific Laboratory.—The 
differential cross sections at 1.5-Mev triton energy, and for 
laboratory angles of 10, 20, 30, ---, 140, have been measured. 
A reaction chamber 14 inches in diameter with a movable 
and a fixed proportional alpha particle counter was used. 
The Pyrex entrance foil to the deuterium gas target was 
10.5 kev thick for 1.5-Mev tritons. The argon filling in the 
movable counter was separated from the target gas by a 
glass foil of about 2.5-mm air equivalent. Preliminary results 
for differential cross sections in the center-of-mass system at 
the angles 14.4°, 28.7°, 42.8°, 56.5°, 69.8°, 82.5°, 94.6°, 105.8°, 
116.2°, 125.8°, 134.6°, 142.5°, 149.8°, 156.5° are 23.8, 23.5, 
23.7, 23.4, 23.3, 22.7, 22.4, 21.7, 21.3, 20.3, 19.6, 19.0, 18.5, 
18.6 mv/ster, with probable errors of 2 percent. The total 
cross section, from integration of the above data, is 0.275 
+0.005 barn. 


* Work done under the auspices of the U. S. Atomic Energy Commission, 
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G1. On the Interactions of Shock Waves. Orro Laporte, 


University of Michigan. (30 min.) 


Division of Fluid Dynamics 


Symposium on Hypersonic Flow 


G2. Review of Experimental Methods in Hypersonic Research. P. P. WEGENER, Jet Propulsion 
Laboratory, California Institute of Technology. (45 min.) 

G3. A Low Density Wind Tunnel Study of Shock-Wave Structure and Relaxation Phenomena in 
Gases. F. S. SuzrMAn, University of California, Berkeley. - min.) 
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Johns Hopkins University. (45 min.) 


. Hitt, Applied Physics Laboratory, The 
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(R. T. 
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Invited Paper 


H1. The Bevatron at the University of California. E. J. LorGren, University of California, Berkeley. 


(30 min.) 


Contributed Papers 


H2. Grain Density and Ionization Loss in Nuclear Track 
Emulsions.* Joun R. FLEMING AND J. J. Lorp, University of 
Washington.—Grain density measurements in Ilford G5 
plates of accelerated particles have been extended.':? Now, 
over 400 000 grains have been counted for pion energies of 
224, 121, 83, and 28 Mev. Measurements with plates exposed 
to the Cosmotron pion beams are now in progress and will be 
reported. Preliminary results for 500-Mev pions give good 
agreement with the Sternheimer theory, 

An mnie _by the joint program of the U. S. Office of Naval Research 
and the U. S. Atomic Energy Commission. 

1 We are inaebted to Professor Marcel Schein for plates from the Chicago 


Cyclotron and Dr. R. K. Adair for plates from the Cosmotron. 
2 J, R. Fleming and J. J. Lord, Phys. Rev. 92, 511 (1953), 


H3. Direct Creation of Electron Pairs by Electrons of Great 
Energy. I. Experimental Observations. D. T. Kinc, W. Wapa, 
AND M. M. Biock,* Naval Research Laboratory.—Data on the 
direct creation of electron pairs by cosmic-ray electrons has 
been collected in nuclear emulsions by a track following 
method. The plates, Ilford G5 400 microns thick, were flown 
at altitudes exceeding 95 000 feet for 6 hours at geomagnetic 
latitude 55°N. The search was confined to flat tracks of low 
grain density. Sixty-one tridents with primary energies be- 
tween 0.1 and 10 Bev, as determined from the sum of the 
three secondary energies, were found. The electron trident 
mean free path was evaluated through a comparison of the 
number of tridents (14 our of the 61) which occurred on arms 
of pairs, with the total track length of pair particles originat- 
ing in the emulsion within our energy interval. This insured 
that the path length considered in the m.f.p. (mean free path) 
determination was electronic. After consideration of substan- 


tial corrections for the estimation of path length, and for the 
inclusion of pseudotridents,' a maximum likelihood estimate 
of 134442 cm was found for the m.f.p. This corresponds to 
a cross section of 0.93+0.29 kK 10°*5 cm? in G5 emulsion. 


* On military leave of absence from Duke University, Durham, North 


Carolina, 
1D. T. King and M. M. Block, Bull. Am. Phys. Soc. 29, No. 4, $13, 14 
(1954). 


H4. Direct Creation of Electron Pairs by Electrons of 
Great Energy. II. Theoretical Considerations. W. Wapa, 
M. M. Biock,* anv D. T. Kinc, Naval Research Laboratory.— 
Predictions of cross section for direct pair production by fast 
electrons given by Bhabha! and Racah? have been evaluated. 
In the energy range 0.1-10 Bev it is found that there is a dis- 
agreement by a factor of ~2 between the total cross sections 
of these authors. A more detailed integration of the differential 
cross section given by Bhabha was made, and the result was 
in substantial agreement with Racah’s prediction. The modi- 
fied cross section was averaged over an assumed spectrum of 
the form E~ dE for the incident electrons within our energy 
interval. The result was 0.82 107** cm? for G5 emulsion, in 
good agreement with the determination in (I). The effect of 
screening for these energies is small. A study has also been 
made of the distribution of the primary energy among the 
secondary particles by the introduction of the variables, 
R= Epsir/Eprimary and r= E,/Epsir, into the differential cross 
section. Experimental comparison is discussed in ITI. 


* On military leave of absence from Duke University, Durham, North 


Carolina. 
1H, i Bhabha, Proc. Roy. Soc. (London) A152, 559 (1935). 
2G. Racah, Nuovo cimento 14, 93 (1937). 
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HS. Direct Creation of Electron Pairs by Electrons of 
Great Energy. III. Internal Energy Distributions. M. M. 
Biock,* D. T. K1inG, AND W. WapbaA, Naval Research Labora- 
tory.—The differential cross section, expressed in terms of 
either R or r defined in II, has been evaluated as a function 
of primary energy. A simple comparison of theory with our 
experiment is possible when the differential distributions in 
R and 7 are normalized to the total cross section and averaged 
over primary energies between 0.1 and 10 Bev. This procedure 
allows us to utilize all 61 tridents for energy partition studies. 
Energies of the three secondaries of each trident were measured 
by multiple scattering. In the determination of the experi- 
mental values of R and r, we employed the convention that 
the two secondary particles of lowest energy represented the 
created pair. The experimental probability distributions in 
R and r were compared with the averaged theoretical! distribu- 
tions modified to take account of the convention. Reasonable 
agreement was obtained. Our collected results on total cross 
section, its variation with primary energy, and the internal 
energy partitions lead us to conclude that the theory gives a 
satisfactory prediction of trident processes in our energy 
interval. 

*On military leave of absence from Duke University, Durham, North 
Carolina. 


H6. Electromagnetic Events of High-Energy Particles at 
Sea Level. S. H. NEDDERMEYER AND ERLE HOWELL, JR., 
University of Washington.—A cloud chamber with a magnetic 
field in the middle part and with one aluminum and two lead 
plates 1 cm thick has been used with a triple coincidence 
counter system including one discriminated group which 
triggers on 3 or more particles. The system accepts both 
nuclear and EM events, and for the latter has a strong dis- 
crimination against low-energy “primary” mu’s. Thus, about 
half the primaries of the EM events of energy above 0.5 Bev 
have momenta above 20 Bev, according to the magnetic 
deflections. The observed momentum distribution for the 
primaries is, in the low momentum region, much lower than 
that calculated from the theoretical cross sections for 
bremsstrahlung and secondaries, assuming a detection effi- 
ciency of one, but is in rough agreement at momenta above 
15 Bev. On the other hand the absolute number of events 
observed (above 0.5 Bev) is in agreement for the aluminum 
but low for the Pb by a factor 2-3. Statistical uncertainties 
are still large; however both discrepancies are partially ex- 
plainable by geometrical factors and energy loss and scattering 
in the Pb, which have the effect of decreasing the detection 
efficiency at low energy. 


H7. Sidereal Time Variations in Cosmic Ray Intensities 
Produced by Fermi’s Acceleration Mechanism. LEVERETT 
Davis, JR., California Institute of Technology.—lf B,, the 
galactic magnetic field in the earth’s neighborhood, is roughly 
uniform and if cosmic rays are accelerated by Fermi’s! 
mechanism, then any anisotropy should be correlated with 
B, rather than with stellar distributions. Assume that for very 
high-energy particles (unaffected by the earth’s field) the flux 
per steradian in the direction A is N—D cos20, where @ is the 
angle between A and B,. Suppose A is now fixed in apparatus 
and rotates with the earth. Let (1/2) —@ be the angle between 
A and E, the earth’s axis. (For measurements of vertical 
intensity, ¢ is the latitude.) Let (7/2) —8 be the angle between 
E and B,. If D is not too small, the observed intensity should 
show Fourier components of amplitudes D sin2¢ sin28 (period 
1 sidereal day), and D cos*¢ cos*8 (period } sidereal day), both 
minima coinciding. If B, lies parallel to the nearest spiral arm 
(oscillations of 10° or more would not be surprising), 8 = 35° 
and, for D>0, the minimum would come at 20* local sidereal 
time in the northern hemisphere and at 8* in the southern. 


'E. Fermi, Astrophys. J. 119, 1 (1954). 
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H8. Unstable Cosmic-Ray Particles Observed in a Double 
Cloud Chamber Arrangement.* W. H. ARNoLD, J. BALLAM, 
H. Gursky, A. L. Hopson, R. Ronatp Rau, GeorGe T. 
REYNOLDS, AND S. B. TREIMAN, Princeton University.—A 
double cloud-chamber arrangement similar to that of the 
Ecole Polytechnique group,' consisting of one cloud chamber 
in a magnetic field of 5500 gauss placed above a second 
multiplate cloud chamber having seven one-half inch Pb 
plates, has been in operation at 10 600 feet (Inter-University 
High Altitude Laboratory, Echo Lake, Colorado) for several 
weeks. During this period approximately 60 unstable V® and 
V+ particles have been observed. Several of the more interest- 
ing cases will be discussed. 

* Supported by U. S. Office of Naval Research and U. S. Atomic Energy 
Commission. 


! Report of the Congres International sur le Rayonnement Cosmique held 
at Bagnéres-de-Bigorre, July, 1953, p. 101. 


H9. Cascade Decay of a Negative Hyperon.* W. B. 
FRETTER AND E. W. Friesen, University of California, Berke- 
keley.—The cascade decay of a negative hyperon into a meson 
and a A® particle, previously reported by the Manchester! 
and C.1I.T.* groups, has been observed in which the meson 
has been identified by momentum and ionization measure- 
ments as a negative * meson with a mass of (268-+15)m,. 
The ionization measurements were made by droplet counts 
along the track of the particle in a cloudchamber filled with 
helium. The measured ionization was J/J min=1.66+0.07 
and the measured momentum was (132+4) Mev/c. The A° 
was identified by measurements of angles and ionization, since 
the tracks were too short for momentum measurements, Both 
decay events were coplanar within the error of coplanarity 
angle determination of +2°. The Q value for the reaction 
Y~--—>rF A°+Q was 66+6 Mev, in agreement with results 
reported by the C.I.T. group. 

* Assisted by the joint program of the U, S. Office of Naval Research and 
the U. S. Atomic Energy Commission, 

1Armenteros, Barker, Butler, Cachon, and York, Phil. Mag. 43, 597 


(1952). 
?E. W. Cowan, Phys. Rev. 94, 161 (1954). 


H10. Long Term Studies of the Neutron and Ionizing 
Cosmic Ray Intensities.* E. L. Cuupp,t University of Cali- 
fornia, Berkeley.—Intensity monitors have been developed at 
Berkeley for the study of time variations by various cosmic- 
ray components. The neutron component is monitored by 
BF, counters surrounded by Pb which acts as a local star 
producing medium thereby increasing the neutron counting 
rate. Simpson found that the low-energy primary cosmic 
radiation is the principal source of the sea level neutron com- 
ponent; thus measurements of the variations in this compo- 
nent permit one to study the fluctuations in the low-energy 
primaries. We have demonstrated the existence of a long term 
variation in the neutron component (barometer corrected) 
similar to the 27-day periodicity reported by Simpson. This 
variation is typified by several series of intensity minima 
(separated by ~30 days), which may be associated with 
periods of maximum geomagnetic activity. We have also 
monitored the total and hard ionizing intensities with conven- 
tional GM counter telescopes. An example of the magnetic 
storm effect shows a decrease in the neutron intensity approxi- 
mately three times larger than a simultaneous decrease in the 
hard intensity. 

* Assisted by the joint program of the U. S. Office of Naval Research 
and the U. S. Atomic Energy Commission. 


+ Now at the University of California Radiation Laboratory, Livermore, 
California. 


H11. Absolute Differential Range Spectrum of Low-Energy 
Cosmic-Ray u-Mesons.* N. T. Seaton, University of Cali- 
fornia, Berkeley.—An absolute differential range spectrum in 
the region from 1 to 150 g/cm? has been obtained for cosmic- 
ray » mesons at sea level. The apparatus consisted of a tray 
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A, 30X30 cm, of Geiger counters above a liquid scintillation 
counter B, of 10-cm diameter and 6-cm depth, with the 
intervening space of 30 cm occupied by varying amounts of 
lead absorber. The photomultiplier pulses were fed to a four- 
channel delay discriminator covering the total interval 0.2 
to 10 wsec. The results were checked for evidence of spurious 
counts from photomultiplier after-pulsing and amplifier over- 
loading. The events recorded were A+B8+(B delayed) and 
B+(B delayed); the latter to provide an estimate of the 
required zenith angle correction. The results were found to 
agree very well with the spectrum estimated by Rossi.! This 
work was evidently somewhat similar to that recently reported 
by Fafarman and Shamos.? 

* Assisted by the joint program of the U. S. Office of Naval Research 
and the U. S. Atomic Energy Commission. 

' B. Rossi, Revs. Modern Phys. 20, 537 (1948). 


ont Fafarman and M. H. Shamos, Bull. Am. Phys. Soc. 29, No. 4, S12 
(1954). 


H12. Identification of Primary Cosmic-Ray Heavy Nuclei.* 
R. F. Hoarp, J. R. FLeminG, aAnb J. J. Lorp, Department of 
Physics, University of Washington.—Primary cosmic-ray heavy 
nuclei tracks in Ilford G5 emulsions have been identified by 
the photoelectric method of measurement. Results utilizing 
this measuring technique will be compared with grain, gap 
length, and delta-ray intensities of the tracks. Results will also 
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be given on the application of this technique to the problem 
of the primary flux of cosmic-ray heavy nuclei at magnetic, 
latitude 10° North. 


* Assisted by the joint program of the U. S. Office of Naval Research 
and the U. S. Atomic Energy Commission. 


H13. Geiger-Mueller Counter Tube Age Characteristics.* 
W. C. Rogscu ann J. S. Reppsé, General Electric Company.— 
Three age characteristics of Geiger counters were investigated. 
The curve of maximum pulse height from a Geiger counter 
on exposure to a beta-ray source was observed as a function 
of counter voltage after various total counts; in the Geiger 
region these curves were found to shift fairly regularly to 
higher voltages as the counter aged. The Geiger threshold 
voltage was found to vary logarithmically with the counting 
rate. The change in threshold voltage per factor of ten increase 
in counting rate, the ‘‘threshold coefficient,” varied linearly 
with the total number of counts. It was found that the pulse 
height at a fixed counter voltage varied approximately as a 
power of the counting rate, and that the logarithm of the ratio 
of the pulse heights corresponding to counting rates differing 
by a factor of ten, the ‘amplitude coefficient,” varied linearly 
with the total number of counts. 


* This paper describes in part work conducted under contract between 
the General Electric Company and the U. S. Atomic Energy Commission. 
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Il. Electron Scattering from Hydrogen, Deuterium, and 
Carbon at 190 Mev.* J. A. McIntyre ANp R. HorstapTer, 
Department of Physics, and W. W. Hansen, Laboratories of 
Physics, Stanford University—The recoil of the proton or 
deuteron permits solid targets of light and heavy polyethylene 
to be used in studying the elastic scattering of high energy 
electrons from the nuclei of hydrogen and deuterium, as dis- 
tinguished from the elastic scattering from carbon nuclei. 
Inelastic electron scattering peaks have been observed in 
carbon at 4.5 Mev and 9.7 Mev and add a background below 
the carbon elastic peak which must be subtracted from the 
hydrogen and deuterium peaks. Angular distributions of the 
elastic electron scattering have been observed in hydrogen 
between 35° and 100° at 190 Mev in the laboratory frame. 
The proton appears to be a point charge since the experimental 
points fit the Mott formula. The deuteron definitely appears 
as not a point charge. Its finite size is exhibited by a fivefold 
reduction from the Mott formula at 105° in the center-of-mass 
system. The rms radius of the observed charge distribution is 
1.5+0.2X10- cm. This “radius” is a measure of the rms 
distance between the center of mass of the deuteron structure 
and the position of the proton. 


* This research was supported jointly by the U.S. Navy (Office of Naval 


Research) and the U. S. Atomic Energy Commission, and by the UV. S. 
Air Force through the Office of Scientific Research of the Air Research and 
Development Command. It was also aided by a grant from the Research 
Corporation. 


12. Electron Scattering in Hydrogen and Helium.* R. 
Horstapter, R. MCALLISTER, AND E. WIENER,{ Department 
of Physics, and W. W. Hansen, Laboratories of Physics, Stanford 
University.-To investigate the elastic scattering of high- 
energy electrons from hydrogen, helium, and other gases we 
have constructed a stainless steel scattering chamber contain- 
ing gas at high pressure. The target is a right cylinder of 


length 24 inches, diameter ? inch with walls 15 mils thick 
and end windows of thickness 5 to 10 mils. Operation at 1000 
psi has proved quite convenient. The end effects are easily 
subtracted out by emptying the gaseous contents and are 
not important except at small angles (~35°). Studies of the 
angular distribution in hydrogen and helium have been carried 
out at 190 Mev in the laboratory frame of coordinates and 
show agreement with the Mott point-charge formula for 
hydrogen but distinct deviations from the Mott formula for 
helium. These studies thus demonstrate the finite size of the 
helium nucleus (the alpha particle). A preliminary estimate 
of the size of the alpha particle gives 1.40+0.2X10- cm 
for the rms radius of the alpha particle. The rms radius is 
taken with respect to charge. 

* This research was supported jointly by the U. S. Navy (Office of Naval 
Research) and the U. S. Atomic Energy Commission, and by the U. S. Air 
Force through the Office of Scientific Research of the Air Research and 
Development Command. It was also aided by a grant from the Research 


Corporation. 
Miss Eva Wiener met a tragic death in an automobile accident in 1953. 


13. The K-Capture/Positron Ratio of Na”. W. E. KREGER 
AND C. SHarp Cook, U.S. Naval Radiological Defense Labora- 
tory.—Using a gamma-ray scintillation spectrometer, the 
annihilation radiation and 1.3 Mev gamma ray from Na® 
have been studied with a view toward determining the K-cap- 
ture/positron ratio for this isotope. The ratios of photopeak 
have been studied with a view toward determining the 
K-capture/positron ratio for this isotope. The ratios of photo- 
peak to total areas for a 4-in. diameter, 4-in. high Nal (TI) 
crystal have been measured using collimated monoenergetic 
gamma rays from six sources.! Using these data and experi- 
mental measurements of the photopeak areas associated with 
the annihilation radiation and the 1.3-Mev gamma quanta 
from Na*®, the relative interisities of these two radiations 
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have been compared and indicate a K-capture/positron ratio 
of approximately 11 percent.in agreement with Sherr and 
Miller.? 


1W. E. Kreger and L. MclIsaac, Phys. Rev. 93, 943 (1954). 
2R. Sherr and R. H. Miller, Phys. Rev. 93, 1076 (1954). 


14. The Gamma Radiation Following the Decay of Pr’. 
C. SHARP Cook AND W. E. Krecer, U. S. Naval Radioiogical 
Defense Laboratory.—The gamma radiation following the 
decay of Pr'# has been studied using a 4-in. diameter, 4-in. 
high cylindrical NaI(T1) crystal, and single-channel pulse- 
height analyzer. With the aid of photopeak to total ratios as 
determined for this crystal' from collimated monoenergetic 
gamma rays from six sources, the relative intensities of the 
three gamma rays following the decay of Pr have been deter- 
mined in terms of the 0.134-Mev gamma ray of Ce. If we 
assume the 0.134-Mev transition to occur during 22 percent 
of the Ce! disintegrations? and that six percent of these 
transitions appear in the form of internal conversion,* the 
relative abundance of the 0.696-Mev gamma ray is 1.8 percent 
of the total number of Pr' transitions; that of the 1.49-Mev 
gamma ray is 0.32 percent; and that of the 2.185-Mev gamma 
ray is 0.83 percent. 

1W. E. Kreger and L. MclIsaac, Phys. Rev. 93, 943 (1954). 


* Auth, Emmerich, and Kurbatov, Phys. Rev. 94, 794 (1954), 
3F. T. Porter and C. S. Cook, Phys. Rev. 87, 464 (1952). 


15. Spin-Orbit Interactions in Many-Body Nuclear Shell 
Theory.* INGRAM BLocu AND YU-CHANG Hsien, Vanderbilt 
University —A nuclear model with Hooke’s-law forces be- 
tween the nucleons has the same sheil structure as if the 
nucleons all moved without interacting in a common har- 
monic-oscillator central field. Therefore a study has been 
made of some effects of spin-orbit interactions of the form 
(apM,y+a,M,):(bpSp+bnSn), where the subscripts p and n 
refer, respectively, to the protons and the neutrons, M and 
S are, respectively, orbital and spin angular momenta, and 
the a’s and b’s are constants. The latest available results on 
these interactions will be reported. 


* Assisted by the Office of Ordnance Research, U. S. Army. 


16. Internal Conversion Coefficients in Decay of Mn, 
Co”, and Sc**.* GLENN L. KetsteR,t University of Washing- 
tun.—Conversion coefficients of the Cr gamma rays have 
been measured using sources of Mn™ produced in the Uni- 
versity’s 60-inch cyclotron. In addition, the coefficients of the 
well-known gamma rays of Ni® and Ti** were remeasured 
using very thin sources of high specific activity Co and Sc** 
obtained from Oak Ridge. The measurements were made in 
a high resolution beta-ray spectrometer. The Ny were deter- 
mined from the known decay schemes! by integrating the 
beta spectra. Compton and external photoelectrons were 
negligible for Co and Sc**; some error from these effects are 
present in Mn®, The measured total coefficients (error +10 
percent) are tabulated in Table I, together with theoretical 
K plus L coefficients for EQ radiations as determined from 
tables of Rose, Goertzel, and Swift: 


TABLE I, 











Total 108 
2.95 3. 60 
1.80 1.75 
0.72 0.69 


EQK +t «106 





1.55 1.69 
1.18 1.29 


1.55 1.61 
0.82 0.89 








* Supported in part by the U. S. Atomic Energy Commission. 
t Now at Boeing Airplane Company. 
1 Hollander, Perlman, and Seaborg, Revs. Modern Phys. 25, 469 (1953). 
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I7. Elastic and Inelastic Scattering of 14-Mev Neutrons by 
Deuterons. Joun D. SEAGRAVE, Los Alamos Scientific Labora- 
tory.—A_ counter-telescope consisting of two proportional 
counters and a thin Nal scintillator in triple coincidence has 
been used to study the angular distribution of scattered 
deuterons and disintegration protons from the interaction of 
14-Mev neutrons with deuteriam. Simultaneous observation 
of particle energy E and dE/dx permitted unequivocal identi- 
fication of charged reaction products. Thin radiators of deu- 
terated and normal polyethylene were used, the latter to 
investigate the incident neutron spectrum and n-p scattering 
at 14 Mev. The absolute differential cross sections observed 
over the angular range 0 to 55 degrees in the laboratory 
system for elastic n-d and n-p scattering are in good agreement 
with recent measurements using nuclear emulsions.' Dis- 
integration protons from the D(n,2n)H process were observed 
over the (lab) angular range 0 to 80 degrees, with energies 
between the lower limit of detection (about 2 Mev) and the 
allowed maxima. The energy distribution over this range 
appears more nearly uniform than that estimated by Frank 
and Gammel,? and the forward-peaked differential cross sec- 
tion somewhat larger. 


1 Allred, Armstron, and Rosen, Phys. Rev. 91, 90 
2Frank and Gammel, Phys. Rev. 93, 463 (1954). 


(1953). 


I8. The Decay of Rh™.t D. B. KocHENDORFER AND 
DonaLp J. FARMER, University of Washington.—The radia- 
tions emitted by 210-day Rh’ have been examined using a 
solenoidal beta-ray spectrometer and a Nal (TI) scintillation 
spectrometer. Rh' was produced in the University’s 60-inch 
cyclotron by both Ru(p,n) and Ru(d,xn) reactions, and the 
activity separated chemically. The decay of the rhodium 
fraction has been observed for a period of 190 days and 
exhibits a 220-day period. Gamma-ray transitions, arranged 
in order of decreasing intensity and having the following 
energies, are found: 0.474+0.001, 0.198+0.001, 0.127+-0.001, 
1.11+0.02, 1.07+0.02, 0.62+0.01, 0.76, 0.70, 1584-0.02 Mev. 
The 0.127-Mev transition is highly internally converted, The 
presence of the weak 0.70- and 0.76-Mev transitions is inferred 
from the shape of the gamma-ray spectrum as observed with 
the scintillation spectrometer. Previous work' suggests the 
existence of only the 0.474-Mev transition. The positron and 
negatron spectra are both complex and have maximum end- 
point energies of 1.27+-0.01 and 1.12+0.01 Mev, respectively. 

+t Supported in part by the U. S. Atomic Energy Commission. 

1 Sullivan, Sleight, and Gladrow, National Nuclear Energy Series, 


(McGraw-Hill Book Company, Inc., New York, 1951), Division IV, 
Vol. 9, paper 330. 


19. One-Quantum Annihilation of Positrons. Donaip J. 
FARMER AND J. F. StreiB, University of Washington.—5.0-mc 
C", carried by No gas (145.0 cm’, 0.5 atmos), wherein it was 
produced by the (p,a) reaction in the cyclotron, is introduced, 
after a 25-minute “‘cool-off” period, into chambers lined with 
Pb, Ta, or Al. The resulting gamma-ray spectrum, presumably 
entirely the result of positron (0.99-Mev max) absorption, is 
filtered by 2.5 cm Pb and observed with a 5.0-cm thick Nal (T1)- 
6292 spectrometer. Corrections for background and decay 
are made. Decay measurements show that the number of 
spurious high-energy counts due to pileup is small. Source 
intensities are determined by ordinary annihilation radiation; 
a calibration of the relative efficiency for detecting this radia- 
tion and higher-energy radiation is made with the positron- 
gamma (2.31-Mev) cascade of O' produced by the N (p,m) 
reaction, and carried by N: gas from which the C" has been 
absorbed. Preliminary data for gamma-ray energies above 
1.4 Mev indicate reasonable agreement with available the- 
oretical results! for 1-quantum annihilation and 2-quanta 
annihilation in flight, which should have gamma ray energies 
up to 1.9 and 1.7 Mev, respectively. 


Jaeger and H. R. ~~? Proc. Cambridge Phil. Soc, 32, 158 


tj. 
aedaye HH. Bethe, Proc. Roy. Soc . (London) 150, 129 (1935). 
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110. Elimination of the Pair Interaction in the Pseudoscalar 
Meson Theory. C. H. CHANG anv B. A. Jacospsonn, LUniver- 
sity of Washington.—The pair interaction {drp ¢* ¢ is elimi- 
nated from a Hamiltonian of pseudoscalar symmetric meson 
theory with an extended source (not extended interaction). 
The result is an equivalent Hamiltonian with pseudovector 
interaction only, but with a renormalized coupling constant 
and a modified source function. The scattering phase shifts 
are the sum of the shifts due to the core alone and those of 
the equivalent pseudovector interaction. The renormalized 
coupling constant and the modified source function is exam- 
ined in detail in the case in which the original source is square. 
Some effects of the change in source shape will be briefly 
discussed. The foregoing result is applied to the classical 
calculation of nucleon isobar energy for several pair strengths 
and for a square source function of several sizes. In this 
particular calculation the effect of the change of the source 
shape is given approximately by a further renormalization of 
the coupling constant. The classical excitation energies of 
isobars in the moderate coupling region are in strong dis- 
agreement with the quantum-mechanical results.' 

1F. H. Hawlow and B, A. Jacobsohn, Phys. Rev. 93, 333 (1954). 


Ill. The Pulse Amplitude Distribution in a BF; Counter 
Irradiated with 4.87-Mev Neutrons. 1). B. James, W. Ku- 
BELKA, AND S. A. Heiperc, University of British Columbia. 
The amplitude distribution of pulses produced by 4.87-Mev 
neutrons in two BF; proportional counters has been studied; 
one counter contained normal boron and the other enriched 
boron with 96 percent B”. In addition to the expected reaction 
B’(n,a)Li? (Q=2.79, 2.31). The reactions F(n,a)N' and 
either or both of B'(n,t)Be* and B"(n,p)Be” were detected. 
The Q value for the F reaction was found to be —1.774-0.13 
Mev in agreement with the Q from mass values! if we assume 
the alpha emission to occur to the excited state of N'® at 
0.3 Mev. For the B® reaction Q=0.5140.15 Mev, slightly 
higher than the Q from mass values for B'(n,t)Be® and 
B"(n,p) Be. 

1F. Ajzenberg and T. Lauritsen, Revs. Modern Phys, 24, 321 (1952). 


112. The Reaction B"(n,q@)Li*. S. A. HerperG, University 
of British Columbia.——Neutrons from a pulsed deuterium beam 
impinging on a tritium target were used to bombard a boron 
trifluoride proportional counter containing the normal ratio 
of B" to B". The half-life of the activity and the energy of 
the particles indicated that they were due to the immediate 
breakup of Be® into two alphas after the 0.88-sec beta decay 
of the Li* formed by the B"(n,a)Li*® reaction. The process 
was found to have a cross section of the order of 30 millibarns 
for 14-Mev neutrons. 


113. Beam Escape from Synchrocyclotrons. WARREN FEN- 
TON StuBBINS, Radiation Laboratory, Department of Physics, 
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University of California, Berkeley—A study of the large 
synchrocyclotrons reveals that only in three a small part, 
from one-half percent to ten percent, of the circulating beam 
is accelerated to the limit of radial stability and then spirals 
out of the cyclotron. The analysis of the conditions at the end 
of the acceleration cycle shows the following requirements for 
particles to escape: (a) a rapid rate of expansion of the syn- 
chronous orbit, (b) a small first harmonic in azimuthal 
variation of the magnetic field at the outer radii, and (c) a 
small amplitude of radial oscillation about the synchronous 
orbit. The dependence upon these factors is very strong as 
determined from experimental measurements, and the analysis 
of the equations of axial and radial oscillations which includes 
nonlinear terms in axial and tadial amplitudes and _ their 
derivatives and the azimuthal variation in the magnetic field. 


114. Neutron-Proton Scattering at 90 Mev. CuunG YING 
CurH, Radiation Laboratory, Department of Physics, University 
of California, Berkeley, California.—An investigation of 90- 
Mev neutrons scattered by protons has been conducted with 
a cloud chamber filled with hydrogen and a mixture of methane 
and hydrogen, respectively, in a magnetic field of 22 000 gauss. 
The neutron energy spectrum has a full width at half-maxi- 
mum of about 30 Mev. The neutron scatter angles range from 
8° to 180° in the center-of-mass system. The differential 
scattering cross section is found to have a symmetry about 
90° in the center-of-mass system. Detail results with a likely 
theoretical inference will be presented. This work was per- 
formed under the auspices of the U. S. Atomic Energy Com- 
mission. 


115. A Cerenkov Counter for Electron Detection. R. K. 
Sourre, B. J. Moyer, AND J. E. OsHer, Radiation Laboratory, 
Department of Physics, University of California, Berkeley, 
California.—A counter has been developed at this laboratory 
for the detection of electrons with energies from 20 Mev, 
up to a tested limit of 300 Mev, and which should be useful 
for much higher energies. It consists of a Lucite shaft 40 cm 
long and 25 cm in cross section. The radiation is divided at 
one end and viewed by 2 photomultipliers which operate a 
coincidence circuit which has a resolving time of 5107 
second. Tests show that electron energies from 20 to 80 Mev 
can be determined by pulse-height analysis, and above 90 
Mey, simple detection with an almost constant efficiency of 
80 percent is possible. 300-Mev electrons give a 0.5-volt pulse. 
The instrument is quite insensitive to heavy-particle back- 
ground and was designed specifically for operation in regions 
of high neutron flux. Tests show that it has no response to the 
full intensity neutron beam of the 184-in. cyclotron. The 
counter can be expected to efficiently detect any charged 
particle which can traverse 10 cm or more of Lucite with a 
velocity of at least 0.8 c. This work was done under the 
auspices of the U. S. Atomic Energy Commission. 
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Contributed Papers 


L2. Gamma Radiation from the Proton Bombardment of 
Oxygen. J. B. WarreEN, K. A. Laurie, D. B. JAmMEs, AND 
K. L. ErpMAN, University of British Columbia.—The nuclear 
gamma radiation following the nonresonant capture of a 
proton in O'* has been studied with protons of energies from 
800 kev to 2.1 Mev and found to consist of three components. 
The main transition goes, via a gamma ray of energy that 
varies with proton bombarding energy, to the J=4+ state 


of F'7, This state, 487 kev above the ground state, radiates 
directly to the ground state. In addition, there is a weaker 
direct radiative transition from the capture configuration to 
the ground state. At energies above E,=1.8 Mev oxide 
targets bombarded with protons give rise to a radiation of 
873 kev attributed to the presence of the O" isotope via the 
reaction of O'7(p,p’)O'™, the radiation corresponding to the 
transition from the first excited state of O"’ to the ground state 
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L3. Gamma Rays from Li'+p. K. L. Erpman, J. B. 
Warren, D. B. James, anD T. ALEXANDER, University of 
British Columbia,—We have studied the gamma rays emitted 
when a metallic Li® target on a backing of platinum is bom- 
barded with protons of energy from 400 kev to 2.2 Mev. 
Gamma rays of various energies from 430 kev to 6 Mev were 
emitted. The gamma-ray decay scheme is quite complex, with 
a large percentage of the gamma rays cascading through the 
430 kev first excited state of Be’. The cross section at Ep =400 
kev is in the neighborhood of 10- cm?. Details of the decay 
scheme and excitation function will be given. 


L4. Spins of Excited States of Some Odd A Nuclei Accord- 
ing to the Collective Model.* Ricuarp L. Moore, Los Alamos 
Scientific Laboratory, Los Alamos, New Mexico.—The pro- 
cedures used in recent papers! to estimate the spins of the 
excited states of Np*? and Np and the rotational energy 
h®/2% have been applied to leveis of other isotopes as observed 
in a decay. The levels and spins of Ac®’ are as proposed by 
Moore.? The results which are consistent with the predictions 
follow: 


Level energy in kev and (spin) 2 /2% (kev) 
0 (S§/2) 270 (7/2) 622 (9/2) 
0 (3/2) 38 (7/2) 97 (11/2) 3 
323 (7/2) 387 (11/2) 2 
Th™ O (5/2) 42 (7/2) 96 (9/2) 6. 
Pu™ 277 (3/2) 321 (S/2) 382 (7/2) 8 
Em™*, Ra, U5, and Am™! are also considered. 


Isotope 


Poms 
Ac™? 


* Work done under the auspices of the U. S. Atomic Energy Commission. 
ws O. Rasmussen, Jr., Arkiv Fysik 7, 185, 1953. Frank Asaro and I. 
Perlman, Phys. Rev. 93, 1423 (1954). 
* Richard L. Moore, dissertation, The Ohio State University, 1953. 


LS. Decay of Ta'**.t J. J. Murray, P. SNELGROvE, P. E. 
MARMIER, AND J. W. M. DuMonp, California Institute of 
Technology.—The 8~ decay of 7;Tayo'* into an excited state 


of 14Wyo9'™ has been observed, using the curved crystal gamma 
spectrometer, and the axial focusing homogeneous field 8 
spectrometer. A unique energy level scheme for this mode of 
decay of W'*® has been constructed on the basis of energies 
and conversion properties of 27 transitions. Spin and parity 
has been assigned to all levels. The y energies in kev, decay 
fractions in percent, and multipolarities of the transitions are 
as follows: 40.97 (10.3) M1, 46.48 (61.4) M1, 52.59 (41.7) M1, 
82.92 (2.5) M1, 84.70 (14) M1, 99.07 (31.9) E2, 101.94 (1.5) 
M1, 103.14 (0.5) E2, 107.93 (45.7) M1, 109.73 (2.9) M1, 
120.38 (0.25) M1, 144.12 (6.4) M1, 160.53 (4.4) E2, 161.36 
(18.2) M1, 162.33 (9.8) M1, 192.64 (0.4) M1, 203.27 (0.4) M1, 
205.06 (1.4) M1, 208.81 (1.1) M1, 209.87 (5.4) E2, 244.26 
(10) E2, 246.05 (35.6) M1, 291.71 (5.4) E2, 313.03 (8.8) M1, 
354.04 (12) M1, 365.60 (0.8) M1, 406.58 (0.9) E2. The energy 
uncertainties are given by +0.15E£*X10~ in volts or 10 ev, 
whichever is larger, where E is the energy in kev. The multi- 
polarity assignments for the 82.92, 109.73, 365.60, 406.58, and 
103.14 kev transitions were inferred from the decay scheme. 
All others were determined from conversion properties. The 
principal features of the scheme are no parity change through- 
out, frequent violation of single-particle selection rules, and 
several examples of competition between E2 and M1 tran- 
sitions. The foregoing results provide an amplification of and 
corrections to preliminary results reported earlier.' 

t Research worked supported by contract with Office of Ordnance 


Research, and U. S. Atomic Energy Commission. 
1 DuMond, Hoyt, Marmier, and Murray, Phys. Rev. 92, 202 (1953). 


L6. Rotational Levels in W'**.t R. F. Curisty, Kellogg 
Radiation Laboratory, California Institute of Technology, Pasa- 
dena, California.—Recent investigations by Murray, Marmier, 
Boehm, Snelgrove, and DuMond! of the decay of Ta'*® reveal 
an energy-level diagram in W'® consisting of 8 excited states 
below 500 kev. The possibility of relating some of these levels 
to the rotational states discussed by A. Bohr* is being studied. 
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Such an explanation requires alternating deviations of the 
form (—1)/*#x (1+-4)e from the simple J(7+1) scheme. How- 
ever, the magnitude of ¢ requires a mixing of j values. It can 
be explained by a strong mixing of py and py particle states 
coupled to a distorted core so that the particle better approxi- 
mates definite m:, m, than j, m;. The magnitude of the ratio 
of spin orbit to orbit surface interaction is determined and is 
fairly small. Further features of the level scheme are being 
investigated. 

t Assisted by the joint program of the U. S. Office of Naval Research and 
the U. S. Atomic Energy Commission. 


' Abstract L5, this meeting, Murray, Snelgove, Marmier, and DuMond. 
2A. Bohr, Kgl. Danske Videnskab. Selskab Mat.-fys. Medd. 26, No. 14. 


L7. Radiations from Some Odd-Odd N =Z Nuclei.t Davip 
GREEN AND J. ReGinaLpD RicHARDSON, University of Cali- 
fornia, Los Angeles.—P™, Cl*4, and K** were produced by p,pn 
reactions on P,S;, NaCl, and KI, respectively, and were 
studied in a large double-lens magnetic spectrometer and in a 
Nal scintillation spectrometer. Data with higher precision 
than those previously published! are reported in this paper. 
Short half-lives encountered required beta-ray source prepara- 
tion in final form before bombardment. These sources, 
evaporated on 3 mg/cm? aluminum foil backings, had an 
average areal density of about 10 mg/cm? and were about 
3 mm in diameter. Data secured were: P® half-life, 2.56+0.15 
min; simple positron spectrum end point, 3.24+0.06 Mev; 
no gamma rays. Cl** half-life, 32.404+0.04 min; complex 
positron spectrum end points, 4.50+0.03 Mev, 2.48+0.07 
Mev, 1.33+0.10 Mev. K** half-life, 7.740.3 min; simple 
positron spectrum end point, 2.68+-0.04 Mev; no conversion 
line present. Estimated maximum errors are quoted above. 
Evidence for the position of the J=0, T=1 level in K** will 
be discussed. Magnetic spectrometer calibration included 
measurements on the photopeak of the thorium-converted 
4.44-Mev gamma ray from C", available from a RaD-Be 
source. 

t Supported in part by the joint program of the U.S. Office of Naval Re- 


search and the U. S. Atomic Energy Commission. 
1 Hollander, Perlman, and Seaborg, Revs. Modern Phys. 25, 469 (1953). 


L8. 15.2-Mev Gamma Emission from Carbon-12. CHARLES 
WADDELL, HARLAN SHAw, Davin CoHEN, AND B. J. Moyer, 
Radiation Laboratory, Department of Physics, University of Cali- 
fornia, Berkeley.—Pair spectrometer studies of photon emission 
from a carbon target bombarded by high-energy protons has 
revealed a 15.2+0.2 Mev gamma line. It has been observed 
for proton energies extending from 340 Mev down to 30 Mev, 
and in the energy region from 60 down to 30 Mev the yield 
rapidly increases. Proton energies below 30 Mev have not 
yet been available in this experiment. This gamma line is also 
seen in the deuteron bombardment of B", but not of B". 
This fact, together with energetics arguments, and with clear 
spectrometer separation from known gamma lines from excited 
Be’, indicates strongly an excited C® origin for the line. It is 
proposed tentatively that the excited C level here involved 
is a T=1 state for which isotopic spin selection rules forbid a 
disintegration into three alpha particles. Decay by neutron 
or proton emission is energetically forbidden. This work was 
done under the auspices of the U. S. Atomic Energy Com- 
mission. 


L9. High-Energy Gamma Ray Studies with Nuclear Track 
Emulsions. Harry H. HECKMAN, PeTrer C. GILES, AND 
WaLTER H. Barkas, Radiation Laboratory, Department of 
Physics, University of California, Berkeley.—A study of high- 
energy photons emitted from targets when bombarded by the 
330 Mev proton and bremsstrahlung beams has been under- 
taken. The detection of the gamma rays is accomplished by 
observing electron pairs created by the photons in electron 
sensitive emulsions. When the gamma rays enter near grazing 
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incidence, the electron pairs have sufficiently long paths in 
the emulsion to enable one to estimate the electron pair 
energy by multiple scattering measurements. The experi- 
mental arrangements have been to place the emulsions at 
distances of 13 to 30 in. from the target in a straight or 
tapered channel at 90° to the beam direction. The channel is 
placed in a clearing magnetic field to eliminate the charged 
particle background originating in the target. Investigations 
have included observation of gamma rays, principally 7° 
decays, emitted from the vicinity of targets bombarded by 
the 330-Mev proton beam and selective scattering of photons 
from the bremsstrahlung beam by carbon and lead nuclei. 
The energy resolution of this technique is also being deter- 
mined experimentally, using the line spectrum of gamma rays 
obtained by bombarding LiF with 657-kev protons. This 
work was done under the auspices of the U. S. Atomic Energy 
Commission. 


L10. Emulsion Tables. WALTER H. BARKAS AND GEORGE 
HARN, Radiation Laboratory, Department of Physics, University 
of California, Berkeley.—Each measurable feature of a heavy 
charged particle track in emulsion may be normalized by 
functions of the particle mass and charge so as to become a 
function of the velocity alone. Since each is a known function 
of the velocity, a knowledge of one normalized quantity 
implies a knowledge of all others. This observation provides a 
basis for the systematic utilization of nuclear track emulsion 
as a quantitative instrument. An analysis of particle range, 
ionization, range, straggling, multiple scattering, delta-ray 
density, maximum delta-ray energy, grain density, residual 
time, momentum, magnetic curvature, kinetic energy, and 
total energy has been carried out. Tables and graphs have 
been constructed giving each quantity as a function of every 
other quantity. Supplementary information necessary for the 


correct and rapid utilization of the data has been tabulated. 
This work was done under the auspices of the U. S. Atomic 
Energy Commission. ‘ 


L11. Production of Deuterons in High-Energy Nuclear 
Bombardment of Nuclei. W. N. Hess anp B. J. Moyer, 
Radiation Laboratory, Department of Physics, University of 
California, Berkeley.—The production of deuterons when 
various elements are bombarded with 300-Mev protons or 
300-Mev neutrons has been studied at angles of 25° and 40° 
to the beam. The scattered particles have been identified by 
using either Hp and range or by using E and dE/dx. The 
dependence of the deuteron cross section on A and the shape 
of the deuteron energy spectra indicate that the production 
mechanism for forming these deuterons is the indirect pickup 
process of Bransden.* The A dependence of the deuteron 
cross section shows that the deuterons are formed on the 
surface of the nucleus. Because of this fact the cross sections 
for incident neutrons and for incident protons when compared 
can give information about the variety of nucleons found on 
the nuclear surface. The following values have been obtained 
for the fraction of surface nucleons that are neutrons: 


Carbon =0.47+0.09, 
Cadmium = 0.59 +0.07, 
Lead =0.78+0.12, 
Uranium =0.75+0.10. 


For lead and uranium these values are significantly larger 
than the volume fraction of neutrons. This implies that at 
least for heavy elements there is a nuclear skin rich in neu- 
trons. This work was done under the auspices of the U. S. 
Atomic Energy Commission. 


* B. H. Bransden, Proc. Phys. Soc. (London) A65, 738 (1952). 


L12. Elastic Scattering of 9.7-~-Mev Protons by Alpha Par- 
ticles. Bruce Cork AND WALTER HartsouGu, Radiation 
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Laboratory, Department of Physics, University of California, 
Berkeley.—The differential cross section for the scattering of 
9.7-Mev protons from helium has been measured over the 
range from 17° to 154° in the center-of-mass system. The new 
9.8-Mev proton linear accelerator, which is now used as an 
injector for the Bevatron, was used as a source of incident 
protons. A scattering chamber has been used which has the 
solid angles at the various scattering angles determined by 
fixed slits. The scattered particles were detected with sodium 
iodide scintillators and RCA 6199 photomultiplier tubes. 
The detectors were conveniently arranged so that each scin- 
tillator could be well shielded, and background runs could be 
made easily. The counters were arranged so that they could 
be interchanged and three angles have been measured simul- 
taneously, with a statistical accuracy in the forward direction 
of better than +1 percent. The differential cross section 
measurements of the forward angles are in good agreement 
with published data in this energy region. However, the cross 
section for protons scattered in the background direction is 
approximately 75 percent of the published value. This work 
was done under the auspices of the U. S. Atomic Energy 
Commission. 


L13. Radiative Capture of 300-Mev Neutrons in Hydrogen.* 
Joun DeEPANGHER,f University of California, Berkeley.—In 
the course of performing an n-p scattering experiment'? at 
Berkeley with 300-Mev neutrons, six deuterons were observed 
starting in the collimated region of the cloud chamber.'# 
Three possible reactions in which deuterons may appear in 
hydrogen are n+d-»n+d (impurity scattering), n+ p—>r®+d 
(neutral-meson production), and n+p-—>y-+d (radiative cap- 
ture). One of these events clearly was an impurity-scattering 
event. A detailed analysis has been made in an attempt to 
distinguish the cases of neutral-meson production and of 
radiative capture from one another. An argument based on 
this analysis and on the shape of the neutron-energy spectrum 
will be presented to show that two of these deuterons were 
formed in the radiative-capture process while the remainder 
lies in the category of neutral-meson production. The present 
work, it is believed, is the first to demonstrate clearly‘ the 
radiative capture of neutrons by protons for neutron energies 
other than thermal. 

*Work performed under the auspices of the U. S. Atomic Energy 
Commission. 

+ Now with the Hanford Atomic Products Operation, General Electric 
Company, Richland, Washington. 

1 University of California Radiation Laboratory Report UCRL-2153 
(unpublished). 

DePangher, Phys. Rev. 92, 1084 (1953), 


4 J. DePangher, Phys. Rev. 88, 894 (1951). 
4W. E. Crandall and B. J. Moyer, Phys. Rev. 92, 749 (1953), 


L14. Small-Angle n-p Scattering at 400 Mev.* R. T. SIEGEL, 
A. J. HarTzLer, AND W. Opitz, Carnegie Institute of Tech- 
nology.—The angular distribution of 400-Mev neutrons scat- 
tered at small angles from hydrogen has been studied for 
laboratory angles between 5.8° and 27.8°. A polythene con- 
verter and scintillation counter telescope were used as neutron 
detector, with a large anticoincidence counter preceding the 
array in order to screen out charged particles. Variable copper 
absorbers in the coincidence telescope provided a 365-Mev 
low-energy cutoff for the primary neutrons. Results show an 
essentially constant cross section between 12.7° and 50° 
(neutron scattering angle) in the center-of-mass system, 
(statistical standard deviation ~10 percent at each angle). 
This is quite different from the behavior at supplementary 
angles, where a cross section rising steeply towards 180° has 
been observed.! 

* Supported in part by the U. S. Atomic Energy Commission, 


1A, J. Hartzler and R. T. Siegel, Phys. Rev. 91, 928 (1954); also Phys. 
Rev. (to be published), 
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FRIDAY MORNING AT 9:00 
Physics 334 


(R. GEBALLE, presiding) 


Excitation and Ionization Phenomena 


Invited Papers 


M1. Mechanism of the Electric Spark. L. H. Fisner, New York University. (30 min.) 
M2. Particle Induced Laboratory Auroral Phenomena. A. B. MEINEL, Yerkes Observatory, Williams 


Bay, Wisconsin. (30 min.) 


M3. On the Morphology of Auroral Displays in Alaska. C. T. ELvey, Geophysical Institute, College, 


Alaska, (30 min.) 


Contributed Papers 


M4. Solar X-Ray Emission. E. T. Byram, T. A. Cuuss, 
AND H. FriepMan, U. S. Naval Research Laboratory.—Solar 
x-ray emission between 8 A and 60 A was measured with 
photon counters carried in 3 high altitude rockets flown at 
White Sands Proving Ground in November and December of 
1953. Tubes equipped with Al foil windows were sensitive to 
8 A-14 A x-rays. Windows of Mylar film (polyethylene 
terphthalate, 0.7 mg/cm*) were used for transmission of a 
relatively narrow band extending from the carbon K edge at 
43 A to about 55 A. Thinner windows of Glyptal (0.2 mg/cm?) 
were used which were capable of transmitting a broader band 
from 10 to 80 A except for the region in the neighborhood of 
the carbon K absorption. Maximum solar x-ray emission was 
observed in the 43-50 A region. The intensity over the entire 
x-ray spectrum was of the order of 10™ erg cm™ sec™. A 
previous experiment! had indicated an order of magnitude 
greater intensity in the short wavelength portion of the 
spectrum. Both rocket measurements of solar x-rays appear 
to correlate with the intensity of the coronal green line as 
recorded at the Sacramento Peak and Climax observatories 
during the periods of the flights. 


! Byram, Chubb, and Friedman, Phys. Rev. 92, 1066-1067 (1953). 


MS. Excitation of Air Glow by Electronic Impact.* C. Y- 
Fan, Yerkes Observatory, University of Chicago.—A_ spectro- 
graphic study has been made of the optical emission from a 
rarefied air sample under the bombardment of an electron 
beam of energy from 10 ev to 8000 ey. The spectral range 
covers 3800 A to 9000 A. It was found that the spectra are 
quite different from that excited by protons or heavier ions. 
In particular, the Meinel system of N2* and the first negative 
system of O,* are so distinctive in the former spectra for 
electron energy greater than 100 ev while they are practically 
missing in the later ones. This finding as related to the excita- 
tion mechanism of aurora borealis will be discussed. 

* This investigation is supported in part by the Geophysical Research 


Directorate of the Air Force Cambridge Research Center under contract 
No, 19(122)-480, 


M6. Electromagnetic Radiations from Hydrocarbon 
Flames.* SAMUEL C. LAWRENCE, JR., Physical Research Unit, 
Boeing Airplane Company.—Random radio-frequency noise 
generated in ramjet flame has been observed in the ultra- 
high-frequency spectrum. Some correlation of intensity of 
radiation and temperature exists. The effect, being several 
orders of magnitude greater than expected from Planck’s 
distribution law, is attributed to electron plasma oscillations. 
Thermal disassociation of combustion products plus thermal 
radiation from combustion chamber walls produce sufficiently 
great electron densities to account for the frequencies ob- 
served. Part of the amplitude variations observed is believed 
due to attenuation effects of the flame. The Hamiltonian for 
the flame system is expressed in general form, from which it 
is believed that effects of temperature discontinuities due to 
shock waves and uneven burning can be evaluated. 


* Work supported by U. S. Air Force Contract. 


M7. Detection of Mercury Vapor by Resonance Ionization. 
K. C. CLarK AND L. KANAL, University of Washington.— 
It is known that mercury ions are produced on irradiation of 
mercury vapor by the resonance line 2537 A when an inert 
gas such as nitrogen is present at considerable pressure. The 
ions are derived from three-body collisions involving two 
excited atoms and at a rate proportional to the second power 
of the intensity at the core of the resonance line. This process 
of ionization by inelastic collision provides a sensitive monitor 
of the intensity of resonance radiation. Absorption of this line 
by mercury vapor in a sample of air is detected using this 
means in a balanced double path arrangement. Unfiltered 
light from commercial germicidal lamps can be used because 
of the selective wavelength response of the process. The de- 
tector contains mercury at room temperature, purified nitro- 
gen at 50 mm, and molybdenum screen electrodes. The effect 
of Lorentz broadening in the absorption cell and in the 
detector is computed. Calibration with an absorption path 
of 10 in. shows that concentrations as low as 1 percent of the 
toxic limit of 0.1 mg/m’ can be measured. 
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SATURDAY MorNING AT 10:00 


Community House, Longmire 


Mt. Rainier National Park 


(E. A. UEHLING, presiding) 


Contributed Papers 


N1. Relative Contributions of X-Shell and other Electrons 
to the Stopping Power of Light and Heavy Elements. Epwin 
A. UEHLING, University of Washington.—The correction to the 
stopping power formulas caused by the binding of K-shell 
electrons has been calculated by Walske.' Walske has also 
estimated the effect of the Z and higher shell electrons. Inde- 
pendent evidence of the importance of the higher shell elec- 
trons can be deduced from the Lindhard-Scharff? plot of 
stopping power data. Such a plot exhibits the deviations from 
logarithmic behavior of the stopping number. These devia- 
tions occur over a certain range of the parameter ¢=v?/v¢? 
and they are independent of the energy of the penetrating 
particle and of the atomic number regarded as independent 
parameters. The parameter ¢ is related to Walske’s parameter 
nx. The K-shell corrections are determined by the values of nx. 
There is a correspondence between the range of variation of 
ne in which K-shell corrections are important and the range 
of variation of » in which the deviations from logarithmic 
behavior occur. These intervals overlap for the light elements 
but fail to do so for the heavy elements. An interpretation in 
terms of over-all corrections can be given. 

1M. C. Walske, Phys. Rev. 88, 1283 (1952). 


2 J. Lindhard and M. Scharff, Kgl. Danske Videnskab. Selskab. Mat.-fys. 
Medd. 27, 15 (1953). 


N2. Nuclear Electric Quadrupole Interactions of B" in 
Kernite.* H. L. BLoop anp W. G. Proctor, University of 
Washington.—Kernite, a monoclinic crystal of space group 
P2/c, has four molecules Na2B,O;-4H,O in a unit cell. Rota- 
tion of the crystal about the symmetry axis when perpen- 
dicular to a strong magnetic field Ho reveals a pattern of 11 
lines for the transitions between the magnetic energy levels 
of B" (J=3/2), strongly perturbed by the nuclear electric 
quadrupole interaction. Rotation about an axis perpendicular 
to the symmetry axis reveals a pattern of 21 lines, which, when 
related to the above, establish four nonequivalent sites for 
the boron nuclei in the unit cell. One rotation is sufficient to 
specify the electric field gradient tensor (except for signs) at 
a nuclear site if, as is the case for two of the sites, the transi- 
tions are such that second perturbation methods may be used 
in the analysis.! In this way we have obtained a tentative 
value for the quadrupole coupling constant at one site to be 
1250 kc. Rotation about a third axis is now in progress. 

* This research was supported by the U. S. Air Force, through the Offic 


of a Research of the Air Research and Development Command. 
1G. olkoff, Can. J. Research 31, 820 (1953). 


N3. Nuclear Spin Lattice Relaxation in Supercooled Men- 
thol.* B. H. MuLLert AND Myer BtLoom,{ University of 
Iilinois.—The nuclear spin lattice relaxation time (7)) of 
liquid and supercooled /-menthol has been measured between 
33.8°C and 49.0°C within an accuracy of +2 percent. The 
relaxation theory of Bioembergen, Purcell, and Pound has 
been applied to this case. This theory adequately predicts the 
magnitude of 7; (about 0.2 sec) as well as the temperature 
dependence if 4.3 A is chosen as the “radius” of the menthol 
molecule and 2.27 A as the “average” interproton distance. 
An investigation of the structure of the menthol molecule 
and the amendment of the theory to take into account the 
CH; rotations within the molecule allows a prediction of 1.87 A 
for the “average” interproton distance. No unusual changes 


in 7; or T2 (the phase memory time) were observed as the 
temperature was changed through the normal freezing point 
(42.5°C). These measurements were done at too high a fre- 
quency (30 megacycles) to be abie to determine whether or 
not the reported viscosity transition! is reflected in the mag- 
netic resonance experiment. 


* Research supported in part by the U. S. Office of Naval Research. 


t Now at the University of Wyoming. 
$ Holder of a Province of Quebec AES Travelling Fellowship. 
1 E, N. da C. Andrade, Proc. Roy. Soc. (London) A215, 36 (1952). 


N4. Temperature Dependence of the Nuclear Resonance in 
Metals.* W. D. KniGcut, University of California, Berkeley.— 
The fractional frequency shift in cubic metals may be ex- 
pressed' as AH/H= (8r/3)x,P;, where xp is the Pauli spin 
susceptibility per atom, and Py is the square of the electronic 
s-wave function averaged over the Fermi surface. Measure- 
ments of AH/H on Na, Al, Cu, V, and Nb between 1.2 and 
300°K show small decreases with decreasing temperature. 
For Na, the value of AH/H drops (by about 10 percent of 
its 300° value) between 75° and 25°K. This behavior may be 
associated with a crystal structure change in this element.? 
No resonance is observed in Nb at 4°K, presumably because 
of superconducting domains. The temperature changes in 
AH/H for the other metals are much smaller than for Na. 
4H/H should be nearly independent of temperature, but xp», 
in a free electron approximation, will go as (volume)! (in 
rough agreement with the experiments), and Py; may be a 
weak function of atomic volume. Also, since both x, and the 
electronic heat are proportional to the density of electron 
states at the Fermi surface, one expects a correlation in the 
temperature dependencies of these quantities, and any posi- 
tive peaks in density of states, as Frélich has proposed,® 
should show up in both. No evidence for an appreciable 
electron-lattice interaction, such as Frélich proposes, is found 
in these data. 

* Supported in part by the U. S. Office of Naval Research. 

1 Townes, Herring, and Knight, Phys. Rev. 77, 852 (1950). 

?C. S. Barrett, Mineralogist 33, 749 (1948), 


+H. Fréhlich, Phys, Rev. 79, 845 (1950); M. J. Buckingham, Nature 168, 
281 (1951). 


N5. Nuclear Magnetic Resonance in CuAl Alloys.* D. R. 
TEETERS AND W. D. KwyiGut, University of California, 
Berkeley.—We have observed the nuclear resonances of Cu 
and Al in several quenched, unordered CuAl alloys. The fol- 
lowing results are quoted for AH/H: pure Cu, (0.23 percent), 
pure Al (0.17 percent), 10-90 Cu-Al (Cu 0.27 percent, Al 
0.17 percent), 90-10 Cu-Al (Cu 0.23 percent, Al 0.11 percent). 
We see, first, that the resonance frequency of the solvent is 
relatively unaffected by a 5-15 percent solute concentration. 
Second, the solute frequency is changed appreciably. The ¢ 
line shift is increased in an Al environment, while the reverse 
is true for Al in a Cu environment. By way of interpretation, 
we may say that small solute concentrations behave like 
impurities and leave the average electronic structure, as seen 
by the solvent, relatively unaffected.! On the other hand, both 
P; and x» (see previous abstract) for the solute metal may be 
considerably altered. If we calculate, from experimentally 
derived susceptibilities, the expected change in AH/H for 
either Cu or Al in solution, we find that the direction of the 
effects is correct. However, to explain the magnitudes of the 
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effects, it is necessary to assume that changes in the volume 

per electron in the alloy alter the value of P;. For example, 

we should expect Py to be relatively larger in a half-filled 

zone, where the p-wave function admixtures are small. Data 

on sae of Cu and Al in Ag and Au will be presented. 
upported in part by the U. S. Office of Naval Research. 


‘riedel, Phil. Mag. 43, 153 (1952); N. Bloembergen and T. J. Row- 
ke Acta Metallurgica R 732 (1953). 


N6. Nuclear Magnetic Resonance in Kernite. H. WATER- 
MAN, University of British Columbia (introduced by G. M. 
Volkoff).—The dependence of B" nuclear resonance frequen- 
cies in a single crystal of kernite (Na2B,O,-4H,O) on the 
angles of rotation of the monoclinic crystal about its b and ¢ 
axes has been studied in a magnetic field of 7000 gauss per- 
pendicular to the rotation axis. Eleven lines, some showing 
slight splitting, were observed in the 6 rotation. In the c 
rotation twenty-one lines were observed, which coalesced into 
eleven when the b axis was perpendicular to the magnetic 
field, suggesting that the slight doubling of some lines in the 
b rotation might be due to a slight misalignment of axes. 
An analysis of these results will be given which shows that 
they are consistent with the reported symmetry properties 
of kernite. Four independent sets of quadrupole coupling 
constants and asymmetry parameters, and four pairs of dif- 
ferent orientations of the principal axes of the electric field 
gradient tensor at the boron sites are indicated. Of the four 
boron nuclei in a molecule two appear to be in regions of 
much more strongly inhomogeneous field than the other two. 


N7. DC Prebreakdown Currents in Gases of High Dielec- 
tric Strength.* M. L. REEves anp RonaLD GEBALLE, Uni- 
versity of Washington.—Measurements of dc prebreakdown 
currents! between plane parallel electrodes have been extended 
to the gases isopentane, SF, SiCl,, and CCl,. The first of 
these yields semilogarithmic graphs of current vs electrode 
separation which are linear, indicating that ionization by 
collision takes place without competition. Similar graphs for 
the other gases show curvature. In SF. and CCl, the curves 
actually saturate for a certain range of E/p, showing that 
electron attachment is the predominant reaction. Curves for 
SiCl, do not exhibit this feature over the range of E/p amen- 
able to this method. Values of ionization and attachment 
coefficients are derived from the above data in SF. and CCl,. 
In the latter gas each coefficient has a minimum when plotted 
against E/p. Evidence will be discussed that dissociation into 
ions, as well as ionization and attachment, is important in 
SiCk,. 


* Assisted by the U. S. Office of Ordnance Researc 
1M. A. Harrison and R. Geballe, Phys. Rev. 93, 1 1953). 


N8. Back Diffusion of Electrons to a Plane Emitting Sur- 
face. Ropert P. Stem, U. S. Naval Ordnance Test Station, 
Inyokern, China Lake, California.—A program has been set 
up for the 701 Computer wherein the current flux from a flat 
plate of infinite extent may be determined in terms of the 
electron liberation per unit area per unit time, the mean free 
path of the electron, and the impressed electric field. A descrip- 
tion of this program and its results will be made. 


N9. Some Experimental Facilities and Techniques Used at 
the Berkeley 60-in. Cyclotron for Irradiation Effects Studies.* 
W. S. Gicpert anv J. H. Pepper, North American Aviation, 
Inc.—In the study of irradiation effects caused by high energy 
charged heavy particle bombardment of pure metals, alloys, 
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and semiconductors, the electronic phenomena are of funda- 
mental interest. Apparatus and procedures have been de- 
veloped which enable us to measure electrical resistivity and 
thermoelectric power simultaneously while the target is in 
place at the cyclotron. These measurements can be rapidly 
made with relatively high precision under well-controlled 
temperature conditions. Excellent target cooling, coupled with 
control of the emergent proton beam shape permits us to 
bombard targets with beams of several microamperes/cm? 
while maintaining the targets within 5°C of a prescribed 
temperature. Details of the target configuration, the measur- 
ing equipment, the precision of data, and beam shape studies 
will be presented. 


* This work was based on studies conducted for the U. S. Atomic Energy 


Commission. 


N10. Disintegration of Arsenic-76. M. Sakal, B. Murray, 
AND J. D. Kurpatov, The Ohis State University.—The dis- 
integration scheme of arsenic-76 has been previously reported 
by many authors. While the main disintegration scheme is 
well established, the low-energy beta components and asso- 
ciated gamma rays are in doubt. A thick lens magnetic spec- 
trometer, scintillation spectrometer, and coincidence scintilla- 
tion spectrometer were used to clarify the disintegration 
scheme. Beta-ray spectrum, photoelectron spectrum, scintilla- 
tion gamma-ray spectrum, gamma-gamma coincidence, and 
beta-gamma coincidence measurements were made. Gamma- 
ray energies of 549+-4 kev, 643+6 kev, 1200+6 kev, 1402415 
kev, and 2053418 kev, were obtained. The relative intensities 
of these gamma rays are 1/0.22/0.27/0.02/0.05, respectively. 
No gamma rays in the 1700-1800 kev region were obtained. 
By beta-gamma coincidence measurements the beta-ray end- 
point energies associated with the 549 kev and 1200 kev 
gamma ray were clearly defined. The relative intensity and 
ft values for each beta component were obtained by subtrac- 
tion of the Fermi plot using the beta-ray end point energy 
of the associated gamma ray. A disintegration scheme will be 
presented and energy levels discussed. All activities were 
obtained from Oak Ridge National Laboratories and were 
chemically purified. 


Nil. ZnS(Ag) Phosphor Mixtures for Neutron Detection. 
P. G. Koontz,* G. R. Keepin, Ano J. E. ASHLEY, University 
of California, Los Alamos Scientific Laboratory.—In a search 
for a fast neutron detector with minimum gamma response, 
the scintillation characteristics of ZnS(Ag) were reexamined. 
The principal decay constant of ZnS(Ag) was measured as 
~0.04u sec with a fast scope (Tektronix 517) and short anode 
time constant (~5X10~). 7 was found to be independent of 
the mode of excitation (alphas or electrons from gammas) 
and, as expected, measured values of 7 increased with slower 
electronics. ZnS(Ag) thus appeared sufficiently promising to 
warrant a brief survey of various mixtures of this phosphor 
with boron, lithium, and fissionable compounds for neutron 
detection. Various atomic ratios and thicknesses were tested 
for each mixture. 100 mg/cm? of a mixture of finely ground 
boric acid powder and ZnS(Ag) powder (atomic ratio 1B/1.5 
Zn) yielded the highest neutron counting efficiency, €¢,.~1 per- 
cent, with a ratio of neutron-to-gamma counting efficiency 
> 105. Increased ¢, is obtained at the expense of €,/e, ratio. 
Various mixtures of boric acid and ZnS(Ag) were compression- 
molded into thin disks using a hydrogenless binding agent. 
Optimum counting efficiencies for these disks fell considerably 
below that of the powder mixtures. 


* On leave from the College of Wooster, Wooster, Ohio. 
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